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Introduction
The Standard Model of elementary particles is without any doubt one of the most
successful theories in the history of physics. The recent discovery of the Higgs boson,
thanks to the analysis of the Large Hadron Collider data performed by the ATLAS
and CMS experiments, is the last and most striking of a long series of predictions
of this theory confirmed by experimental evidence. The production mechanism of
bottom quark pairs in association with W or Z vector bosons in proton-proton collisions
is comprised within the phenomenology of the Standard Model, but nevertheless its
theoretical prediction presents some interesting challenges which are connected with
the complexity of perturbative calculations in the context of QCD interactions and
with the description of the b quark content of the proton. Many developments have
been recently made in this regard with the implementation of several models for the
production of b quarks. These results are based on different approximations in order to
overcome the difficulties of this calculation. A precise experimental measurement of the
production cross section for these processes therefore provides an important input to
the refinement of perturbative QCD calculations. In this work, the inclusive production
cross section for a W boson and a pair of jets from b quarks is measured using the sample
of proton-proton collisions at
√
s = 8 TeV collected by the CMS experiment at the LHC.
The W boson is observed via its decay to a muon or electron and a neutrino, while
each b-jet is identified by the presence of a B hadron with a displaced secondary vertex.
The analysis is performed on a sample of proton-proton collisions corresponding to an
integrated luminosity of 19.6 fb−1. The measurement of the production ofW+bb events
is also important because this process is an irreducible background to other interesting
physics processes involving the production of a Standard Model Higgs boson decaying
to a b-jet pair in association with a W . Other Standard Model processes produce final
states with a similar experimental signature to the one studied in this thesis, such as
the production of top quark pairs, single top quarks or dibosons. Eventually, the final
state of W + bb events may mimic the decay of particles predicted by new physics
theories beyond the Standard Model, most notably the decay of particles predicted by
Supersymmetry.
The first chapter of the present thesis is an overview of the Standard Model and of
the theoretical background for the production of W bosons in association with b quark
pairs. The theoretical prediction of a physics process at a hadron collider experiment is a
complex task involving perturbative QCD calculations and effective models taking into
account low momentum non-perturbative effects. After describing the most important
steps of this procedure, a more detailed discussion is dedicated to the calculation of the
production cross section of W bosons plus b pairs and to the different approximations
which help overcome the technical difficulties related to the non negligible mass of the
v
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b quark and to its distribution function within the proton, known with only limited
precision. Chapter 2 contains the description of the LHC and of the CMS experiment.
All the subsystems comprising the CMS particle detector are described together with
their working principles; a brief overview is given of how the signals are produced by
high energy particles from the proton-proton collisions, and how they are collected
and processed through a trigger system in order to select the interesting events to be
stored for physics studies. A section of this chapter is devoted to the description of
the software infrastructure implemented in order to calibrate and run every apparatus
within CMS, store and process the real data and provide a complete simulation of the
physics processes, with a mention of the Particle Flow algorithm which has been tuned
to efficiently identify all the stable particles produced in a proton collision. The third
chapter aims at describing the offline reconstruction of the physics objects produced
in proton-proton events, with special attention to the objects in the final state studied
in this thesis: electrons, muons, hadronic jets and missing transverse momentum. The
problems related to the identification of jets generated from b quarks are described here
in detail. Particular emphasis has been put on the calibration of the reconstruction
algorithms and their performance. In chapter 4 the structure of the analysis is actually
presented, starting from the description of the data samples and the Monte Carlo
samples used; Monte Carlo samples consist of simulated events for the signal process
and for all the background processes with a similar final state. The reconstructed
objects in these samples are applied a set of offline selections in order to further reduce
their misidentification rates. Subsequently, the fiducial region in which the final state is
selected is described in detail: besides the selection of W bosons decaying to a electron
or muon in association with a b-jet pair, some further kinematical cuts are applied in
order to reject part of the contribution from background processes. The fraction of
background events, in fact, plays an important role in the total number of selected
events in this analysis and a set of dedicated studies has been performed in order to
accurately estimate the cross section. The top-antitop component in simulation has
been rescaled to a sample of top-antitop events in real data selected in a dedicated
control region. The contribution from QCD events has been estimated directly on real
data by selecting a sample of events enriched in QCD. Eventually, the actual background
subtraction from the sample of selected events in real data has been optimized with
a fit procedure aiming to improve the agreement between simulation and real data.
Chapter 5 describes the systematic uncertainties associated with the inclusive cross
section measurement and finally the measured cross sections are presented. The results
obtained in the electron and muon decay channel of theW boson have been statistically
combined and compared to the theoretical prediction.
Chapter 1
The W+bb process within the
Standard Model
The aim of this chapter is to highlight the physics motivations for the measurement
of the production of W bosons in association with a pair of jets from b quarks. Such
a process is described within the Standard Model of elementary particles and hence
the first section is dedicated to the theoretical basis of this model. The second sec-
tion describes the main ingredients in the calculation of the theoretical predictions for
physics processes in the context of hadronic collisions, as it is the case of the collisions
produced by the Large Hadron Collider. In the third section further details about the
production of W bosons and b jet pairs will be given, along with the current status for
the theoretical description of this process and its impact on the search for new physics
beyond the Standard Model.
1.1 The Standard Model
The Standard Model of elementary particles is historically based on the work and on
the ideas of S. Glashow [1], S. Weinberg [2], A. Salam [3] and others in the years
between 1961 and 1967. It is a quantum field theory, and describes all the known
elementary particles and how they interact through the electroweak force. The elec-
troweak interaction is the result of the unification of electromagnetic and weak forces
and such a unification is one of the major achievements of the Standard Model. The
Standard Model, as we know it today, describes the strong interaction between el-
ementary particles as well. The only phenomena which do not find a place within
the Standard Model framework are those generated by the gravitational interaction.
Gravitation is the only one among the four fundamental forces recognized in nature to
miss a predictive quantum description, although its contribution can be considered as
negligible even at the range of energies spanned by the most powerful particle collider
ever built. Matter is described in terms of spin 1/2 particles, called fermions. In total
12 fermions, along with the corresponding anti-fermions, are predicted by the theory
and have been observed by experiments. Fermions can be divided in two families of
particles, quarks and leptons, depending on the kind of interactions they are allowed
to share with other particles. Quarks interact both via electroweak and strong forces
and consequently have weak hypercharge and colour charge different from zero, i.e.
1
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the quantum numbers conserved by electroweak and strong interactions respectively.
Leptons only have electroweak interactions with other particles and do not carry any
colour charge. Leptons and quarks can be further categorized in three flavour families,
or generations, each containing a quark doublet with electric charge equal to +2/3 and
−1/3 respectively and a leptonic doublet consisting of a lepton with electric charge −1
and a neutrino with electric charge 0. The three fundamental interactions comprised in
the Standard Model are mediated by spin 1 particles called bosons: the strong force is
carried by massless gluons (g); electroweak interactions are carried by massless photons
(γ), responsible for electromagnetic phenomena, and by the massive W+, W− and Z0
bosons. The whole picture of the Standard Model of elementary particles is represented
in figure 1.1.
Figure 1.1: The structure of the Standard model is organized in three families of
leptons and quarks, plus the carriers of the electroweak and strong in-
teractions. The interactions with the Higgs scalar boson determines the
masses of all other particles [4].
1.1.1 Quarks
The three quark doublets are (u, d), commonly referred to as up and down quarks,
(c, s) or charm and strange, (t, b) or top (less commonly truth) and bottom (beauty).
The u and d quarks have masses of few MeV/c2, the c and s quarks have masses
of about 1.3 GeV/c2 and 0.1 GeV/c2 respectively, while the third generation’s t and
b quark masses are about 173 GeV/c2 and 4.2 GeV/c2 respectively. Because of some
unique features of the strong interaction, quarks only exist as confined in bound states,
called hadrons, consisting of either three quarks or anti-quarks (baryons) and quark
and anti-quark pairs (mesons), in combinations that are allowed by quantum numbers
conservation. The only exception to this behaviour is observed for the t quark, the
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lifetime of which is shorter than the typical quark hadronization time scale. In par-
ticular, the flavour of quarks is always conserved by the strong interactions. Quarks
may change their flavour only through weak interactions mediated by a W boson, a
phenomenon called “weak charged current”.
1.1.2 Leptons
In analogy to the quark sector, three families of leptons exist and are composed by the
electron e−, with a mass of about 0.5 MeV/c2, the muon µ−, with a mass of about
106 MeV/c2, and the tau τ− with a mass of about 1.8 GeV/c2. Each lepton has an
associated neutrino with the same leptonic flavour: νe, νµ and ντ . Neutrinos do not
carry electric charge and are therefore allowed to interact with matter only through
weak force. As a consequence, the detection of neutrinos is a complex experimental
task and demands the design of a specific apparatus. Neutrinos are known today to
be massive and upper limits to their masses have been set by recent measurements in
a range spanning from few eV in the case of the electron neutrino to few MeV in the
case of the tau neutrino.
1.1.3 Electroweak interactions
The complex phenomenology of elementary particles in the Standard Model is ele-
gantly explained by a principle of symmetry conservation under certain geometrical
transformations, called local gauge symmetries, which are natural transformations in
the four-dimensional spacetime. In particular, both electromagnetic and weak phenom-
ena are explained by imposing the invariance of the fermionic lagrangian under local
transformations of the group SU(2)L ⊗ U(1)Υ. The three generators of the SU(2)L
transformation are the three components of the weak isospin operator (ta = 1/2τa,
with τa the Pauli matrices) and the generator of U(1)Υ is the weak hypercharge oper-
ator. The weak isospin (I) and hypercharge (Y ) are related to the electric charge by
the following equation:
Q = I3 +
Υ
2
,
with I3 the eigenvalue of third weak isospin component. This framework inherits the
structure of the V − A theory of weak interactions, with quarks and lepton fields
organized in left-handed doublets and right-handed singlets:(
u
d
)
L
, uR, dR;
(
c
s
)
L
, cR, sR;
(
t
b
)
L
, tR, bR.
(
νe
e
)
L
, eR;
(
νµ
µ
)
L
, µR;
(
ντ
τ
)
L
, τR.
From the definition of isospin, weak interactions may only occur on left-handed fermionic
doublets, thus providing an explanation for the phenomenon of maximal parity viola-
tion.
The mathematical formulation of the electroweak lagrangian provides a description
of these phenomena in a concise and elegant way:
LEW = −14WµνW
µν − 1
4
BµνB
µν + ψ¯iγµD
µψ,
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where ψ are the fermionic fields described above, Dµ is the covariant derivative consis-
tent with local gauge transformations:
Dµ = ∂µ + igWµ
τ
2
− ig
′
2
Bµ.
The symbols W 1,2,3µ and Bµ correspond to the four spin 1 fields, called bosons, asso-
ciated to the generators of the gauge transformation. The mass eigenstates observed
in experiments are linear combinations of the electroweak eigenstates. Hence the W+
and W− bosons are expressed as:
W±µ =
√
1
2
(W 1µ ∓ iW 2µ),
and the photon and the Z0 bosons as:
Aµ = Bµ cos θW +W
3
µ sin θW ,
Zµ = −Bµ sin θW +W 3µ cos θW ,
θW being the weak mixing angle, or “Weinberg angle”.
1.1.4 The Cabibbo-Kobayashi-Maskawa matrix
As already anticipated, the actual quark mass eigenstates are a mixture of the flavour
eigenstates described in the previous paragraphs. The mixing is achieved through a
3 × 3 matrix, the Cabibbo-Kobayashi-Maskawa (CKM) matrix [5, 6], correlating the
three quark doublets, or flavour families:
⎛
⎜⎝ d
′
s′
b′
⎞
⎟⎠ =
⎡
⎢⎣ Vud Vus VubVcd Vcs Vcb
Vtd Vts Vtb
⎤
⎥⎦
⎛
⎜⎝ ds
b
⎞
⎟⎠ .
This mechanism provides a natural explanation for the non conservation of the quark
flavour under weak interactions mediated byW± bosons, the weak charged currents; at
the same time it explains why flavour changing neutral currents mediated by a Z0 boson,
a phenomenon which has never been experimentally observed, are suppressed through
the Glashow-Iliopoulos-Maiani mechanism (GIM) [7]. The CKM matrix elements are
constrained by the unitarity condition:
∑
k
|Vik|2 =
∑
i
|Vik|2 = 1 and
∑
k
VikVjk∗ = 0;
as a consequence the CKMmatrix can be parametrized by three real parameters θ12, θ13
and θ23, called weak mixing angles, and one complex phase δ13; the complex phase δ13
is responsible for CP -violating phenomena. The determination of the magnitude of the
CKM matrix elements, as of today, is the outcome of many experimental measurements
performed over the past 20 years [8].
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1.1.5 Electroweak symmetry breaking
The bosons and the fermions described by the electroweak theory are massless particles
as a consequence of invariance requirements under gauge and chiral transformations
respectively. A natural way of allowing Standard Model particles to acquire a mass is
provided by the existence of a complex scalar field doublet with the following form:
1√
2
(
φ+
φ0
)
,
with the doublet structure a consequence of the SU(2)L representation adopted. The
electroweak lagrangian can be complemented with the potential and the interactions
coming from such a scalar field:
L = LEW +DµφDµφ− V (φ).
The potential term has the form:
V (φ†φ) = µ2φ†φ+ λ(φ†φ)2.
It is interesting to notice that with µ2 < 0 and λ > 0 the ground state of the system
is no longer unique and, once one of the possible solutions is chosen, the system is no
longer invariant under rotations in the (φ+,φ0) plane:
⟨0|φ|0⟩ = 1√
2
(
0
v
)
, v2 = −µ
2
λ
,
with ⟨0|φ|0⟩ the expectation value of φ at the ground state. The situation is graphically
shown in figure 1.2.
Figure 1.2: The structure of the Higgs potential as a function of the complex scalar
field φ.
This phenomenon is called spontaneous symmetry breaking and in the particular case
of electroweak interactions it is commonly referred to as Brout-Englert-Higgs mecha-
nism, from the names of the physicists who first formulated this theory [10, 11] in 1964.
In the unitary gauge, the φ doublet can be expressed as:
φ′ =
1√
2
(
0
H + v
)
,
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thus making explicit the only real additional degree of freedom introduced by the
symmetry breaking term in the lagrangian, the so called scalar Higgs field H. The
masses of the W±µ , Z
0 vector bosons and of the fermions arise from the interaction
terms with the scalar Higgs boson in the symmetry breaking electroweak lagrangian.
Photons continue to be massless, since the breaking of the symmetry only occurs in the
weak SU(2)L sector of the electroweak symmetry.
The discovery of the Higgs boson
In 2012, almost fifty years after the prediction in 1964 of a massive scalar boson re-
sponsible for the electroweak symmetry breaking, the ATLAS and CMS experiments
at CERN observed for the first time a new particle and all of its properties measured
so far are compatible with those of the Higgs boson [15, 16]. Its mass has been mea-
sured to be approximately 125 GeV. This is one of the most important milestones in
the history of Standard Model physics and has been possible thanks to the samples
of proton-proton collisions produced by the Large Hadron Collider at a centre of mass
energy of 7 and 8 TeV during 2011 and 2012. The initial discovery was achieved in the
H → γγ and H → ZZ∗ → 4l± final states and in figure 1.3 the invariant mass distri-
bution of di-photon final states in the CMS experiment is shown, where the resonance
peak of the new particle at 125 GeV is clearly seen. Many measurements have been
performed by the CMS and ATLAS experiments since then, with the aim of studying
the properties of the discovered boson and its couplings with other fermions and bosons
and all of them have been found to agree with the predictions of the Standard Model
theory.
Figure 1.3: The invariant mass of diphotons measured at the CMS experiment [15].
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1.1.6 Strong interactions
The Standard Model lagrangian is usually referred to as the sum of the electroweak
lagrangian described in the previous sections and the lagrangian of the strong inter-
actions between quarks; the quantum field theory of strong interactions is commonly
named Quantum Chromodynamics (QCD), and thus:
LSM = LEW + LQCD.
As for the electroweak interactions, the characteristics of the strong interaction arise
from a conservation principle applied to the SU(3)C group of local gauge transfor-
mations, where C stands for the colour charge conserved by strong interactions. The
lagrangian may be written as:
LQCD = −14G
a
µνG
a
µν +
∑
q
ψ¯q,a(iγ
µ∂µδab − gSγµtCabACµ −mqδab)ψq,b,
where ψq,a are the spinor fields associated to the quarks and the q, a indices are running
over the quark flavour and colour; tCab is a set of eight 3×3 matrices corresponding to the
generators of SU(3)C symmetry in the chosen representation and ACµ are the associated
8 bosonic fields, called gluons, that act as force carriers. Eventually, αS = g2S/4π with
αS the strong coupling constant.
1.1.7 Properties of the strong interaction
The strong interactions have quite unique properties when compared to electromagnetic
and weak interactions, descending from the non-Abelian SU(3)C group; in other words
the transformations of the mentioned group are non-commutative.
Running of αS
The first consequence of the different structure of SU(3)C interactions is evident when
computing the running equation for the αS strong coupling constant:
αS(µ
2
R) =
1
b0 log(
µ2
R
Λ2
QCD
)
.
This is a first order solution to the renormalization group equations where µ2R is the
renormalization scale (conventionally the momentum scale Q2 that is transferred in the
process) and Λ2QCD the cut-off of the renormalization integrals to prevent soft divergen-
cies; usually ΛQCD ≃ 250 MeV. At the electroweak scale µ2R ≃M2Z , the strong coupling
constant αS is of the order of 0.1. Contrary to the behaviour of electroweak interac-
tions, the strong coupling constant increases at lower energy scales. The situation is
represented in figure 1.4. As a consequence, reliable QCD predictions via perturbation
theory are only possible for hard scattering processes where a high momentum transfer
Q2 is involved.
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Figure 1.4: The theoretical calculation of the strong coupling constant αS compared
to several measurements performed on different physical processes [8].
Confinement and asymptotic freedom
At low energies the interactions between quarks are very strong and their dynamics
cannot be described with a perturbative approximation, given the increasing size of
the coupling constant. These effects become evident at the scale ΛQCD ≃ 250 MeV
mentioned above, of the same order of the mass of light hadrons, and in this regime
the dynamics of quarks is still poorly described by theoretical predictions. The most
reliable results are delivered by the lattice QCD approximation, that consist in the
discretization of path integrals on a discrete lattice of spacetime points. In the low Q2
region, interactions between quarks are so strong that they inevitably condense into
colourless SU(3) singlets, or hadrons: these combinations correspond to scalar qaq¯a
states, known as mesons, or in anti-symmetrical ϵabcqaqbqc states, named baryons, of
which the neutrons and the protons composing atomic nuclei are an example. This
phenomenon is commonly referred to as confinement, and it affects all the particles
carrying colour charge. In particular, quarks and gluons emitted from a hard scattering
undergo a process called hadronization, the physical description of which will be given
later in this chapter.
On the other side, in the regime of increasing energy and decreasing distance, the
coupling constant αS becomes weaker and a consistent description is possible within the
context of renormalization and perturbation theory. This condition is known as asymp-
totic freedom [17]. These calculations will be briefly described in the next sections. At
very high energies, αS is expected to become weak enough for quarks and gluons to
be observed as free states; this transitory phase state is known as quark-gluon-plasma
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(QGP) and it is one of the several topics under study in the field of modern high energy
physics.
1.1.8 Beyond the Standard Model
The Standard Model of elementary particles is among the most successful and predic-
tive theories ever conceived in physics. A considerable number of precision measure-
ments have been carried out by high energy physics experiments over the past twenty
years [18], like for example at the Large Electron Positron collider (LEP) [19, 20] and
at the Tevatron pp¯ collider [21], to cite the most famous ones. Precision tests of the
Standard Model are also part of the Large Hadron Collider physics programme at the
ATLAS and CMS experiments [22, 23], and at the ALICE and LHCb experiments. No
strong evidence has been found so far for discrepancies with respect to the SM predic-
tions. The plot in figure 1.5 is an example of the wide predicting power of this theory:
many measurements performed by the CMS experiment are compared with the cor-
responding theoretical calculations for different phenomena and are in nice agreement
over a range of cross sections spanning several orders of magnitude. Nevertheless the
Figure 1.5: Part of the Standard Model precision measurements performed by the
CMS experiment with pp collisions at
√
=7 and 8 TeV [23].
potential for the discovery of processes that may hint at physics theories beyond the
Standard Model is highly encouraged by several arguments arising from some limita-
tions of the Standard Model itself:
• hierarchy problem: in the calculation of the Higgs boson mass within the
Standard Model framework, quantum loop corrections of the order of the Planck
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mass (MP =
√
hc
GN
) almost exactly cancel out in order to achieve a finite result
of the order of the electroweak scale (O(100 GeV)), many orders of magnitudes
smaller. This sort of fine tuning appears in many calculations and highlights
a certain degree of “unnaturalness” of the theory that may be reabsorbed by
admitting the presence of quantum loops with new particles not explained by the
Standard Model. The most accredited theory that may provide such an extension
to the Standard Model is the Supersymmetry (SUSY) [24]. No evidence has been
found so far for the production of supersymmetric particles in any experiment of
high energy physics;
• dark matter: several observations in the field of astronomy have lead to the
conclusion that the composition of the Universe has a substantial contribution
from a kind of matter that cannot be identified with any of the particles foreseen
by the Standard Model. The latest experimental results show that ordinary
matter is responsible for only 4% of the energy in the Universe. Interestingly,
26% of its energy is due to yet to be discovered massive particles, commonly
referred to as “dark matter”, and the remaining 70% is attributed to the energy
mediated by some kind of unknown interaction, called “dark energy”;
• matter/antimatter asymmetry: the Big Bang is supposed to have produced
an equal amount of matter and antimatter, even though the analysis of cos-
mic rays composition indicates that the universe today is primarily composed of
matter, with antimatter occasionally produced during violent phenomena such
as the explosion of stars. No explanation for the evolution of the universe mat-
ter/antimatter composition is convincing enough: the mechanism of CP violation,
as we know it from experimental data and from the Standard Model, may provide
only a partial solution to this puzzle, as the magnitude of the effects found is too
small, and thus its further study with rare B meson decays is highly encouraged;
• neutrino masses: in the original formulation of the Standard Model the neutri-
nos are massless particles. In 1998, however, the Super-Kamiokande experiment
observed the phenomenon of neutrino oscillation [25], which is a proof of the non
conservation of leptonic flavour under weak interactions. Such a violation is only
possible if neutrinos are massive particles, thus allowing a flavour mixing mech-
anism in the same fashion as in the quark sector through the CKM matrix. The
study of the leptonic flavour mixing is still at its infancy and may open a window
on the physics beyond the Standard Model. The nature of the neutrino itself,
whether it is a Dirac or a Majorana spinor, is yet to be understood and verified
experimentally.
1.2 Monte Carlo generators
The task of comparing theoretical predictions with experimental data from a collider
is quite complex, and it is usually factorized in several steps each performed by ded-
icated software implementations. The first big distinction is between the generation
of physics events and the simulation of how their final states are actually measured
in a particle detector. The simulation of the particular detector used in this analysis
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will be described in more detail in the next chapter. This section deals with the task
of generating events, that is equivalent to simulating the colliding beams of particles,
protons in the case of the data analyzed here, in a particle collider, and computing the
probability of producing a certain final state and describing correctly its kinematical
properties. All the possible corrections due to the final state itself, to the hadroniza-
tion of quarks and gluons and to the beam remnants or pileup interactions have to be
taken into account in this step. Hence, most of the discussion will be devoted to the
calculations in the context of QCD, being the most challenging to compute and driving
the production of the final state studied in this thesis.
1.2.1 Matrix element calculation
The heart of the generation process is the computation of the matrix element describing
the probability of transition of one particular initial state into a well defined final state;
the transition is graphically represented with the aid of a certain Feynman diagram.
This computation is based on the lagrangian of the interaction taking place in the
event. The matrix element has to be combined with the kinematical phase space of
the process, in order to compute a cross section; this procedure corresponds to the
application of Fermi’s golden rule [29].
In hadronic collisions, the predicted cross section needs to be convolved with the
incoming flux of partons, i.e. quarks and gluons in the parton model of hadrons [30, 31].
The components of the initial state in fact are present within the colliding protons with
a certain probability and these probabilities are described with a set of parton density
functions (PDF’s):
σ(pp→ X) =
∑
αnS(µ
2
R)
∫
dx1dx1f1(x1µ
2
F )f2(x2µ
2
F )× σ(n)ij→X(s;x1, x2, µ2R, µ2F ),
ehre µF is the factorization scale and where the PDF’s are described by f1,2 as a
function of the Bjorken parameters x1,2 corresponding to the fraction of momentum
carried by the interacting partons. PDF’s play a fundamental role in the prediction of
hard scattering cross sections within hadronic collisions and cannot be obtained from
perturbative QCD calculations (pQCD) since they describe the behaviour of partons
at low momentum scales. As a consequence, they need to be fitted to information
extracted from data measurements, as it has been done for example at the HERA
collider [32] and at the NuTeV [33] experiment. The precise determination of PDFs
leads important efforts at modern colliders as well, being of crucial importance for
Standard Model precision measurements.
The simplest process of which the cross section can be calculated is the 2→ 2 process
atO(α2S), commonly referred to as Leading Order (LO). The initial state is always a pair
of partons in the case of hadronic collisions. This example is quite trivial. When trying
to compute more interesting processes at Next-to-Leading Order (NLO,O(α3S)) in QCD,
two new kinds of diagrams need to be estimated: the first kind is related to 2 → 3
processes where the real emission of a gluon or a quark in the final state has taken place.
The calculation of the amplitude related to such a process has to deal with divergences
in the integrals that arise when the additional parton is emitted with soft momentum or
collinear to one of the objects in the final state. As a consequence, a good description is
achieved when in the final state involves well separated, high momentum objects. The
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second kind of diagrams describe 2→ 2 processes with the virtual emission of a quark
or a gluon; a virtual emission happens when a parton is emitted and reabsorbed by the
final state itself, generating a loop diagram. The computation of the contribution from
virtual emissions is far less trivial than the computation of NLO diagrams with real
emissions but, when doable, it provides a set of negative divergences that cancel out soft
and collinear divergences in real emission diagrams, yielding a very precise description
of the process under study. The same cancellation is possible at Next-to-Next-to-Leading
Order (NNLO), but the computational complexity of the problem grows exponentially
along with the power of αS . NNLO QCD calculations are available for many inclusive
processes, but should still be regarded at their infancy for more exclusive calculations
and for what concerns the description of the kinematical properties of the involved
processes.
1.2.2 Parton shower
The region of phase space inherent to the collinear or soft emissions can be treated in
a efficient way with an approximated procedure called parton shower (PS) [34]. The
parton shower is an iterative algorithm where complex event topologies are factorized
into q → qg, g → gg and g → qq¯ branchings with corresponding simple mathematical
expressions. The situation is pictured in figure 1.6. With this approach it is possible
Figure 1.6: Simple respresentation of the parton shower algorithm: the hard scat-
tering process is “dressed” with real emissions of quarks and gluons both
from the initial and final states.
to treat both the QCD radiation from final states (FSR) and initial states (ISR). The
cancellation between real and virtual divergences is handled with a Sudakov suppres-
sion factor [35]. This solution is not exact but provides an acceptable description of
the soft and collinear regions of the kinematical phase space. The most widely used
implementations of the parton shower algorithm are found within Pythia [52] and
Herwig [54]
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1.2.3 Matrix element and parton shower matching
With LO matrix elements (ME) it is possible to calculate the transition amplitude for
Born-level diagrams corresponding to processes with several partons in the final state,
in a region of phase space safe from collinear and soft divergencies. This calculation
may be complemented with the description of these regions provided by the parton
shower, provided that a matching procedure is carefully studied in order to avoid the
double-counting of final states [36]. The results of matrix elements and parton shower
matching (ME+PS) yield the best of both worlds and its implementation is available
in many modern event generators such as MadGraph [50] and Sherpa [53].
NLO matching
In the further development of this procedure, interesting results have been obtained by
merging full NLO calculations for n-body processes, including n+ 1-body real correc-
tions and n-body virtual ones, with parton shower. The first historical implementations
of such a procedure are found in mc@NLO [55] and powheg [57], and have later been
adopted by other generators such as Sherpa. Since full NLO calculations are usually
available for a limited number of partons in the final state, the latest frontier in modern
generators is the hybrid merging of NLO calculations with LO matrix elements for the
description of multi-body final states and with parton shower. This procedure is imple-
mented for example in the Sherpa2 and MadGraph5 aMC@NLO [56] generators.
1.2.4 Multiparton interactions and underlying event
When trying to describe proton-proton collisions, each incoming hadron should be re-
garded as a flux of partons. As a consequence, each collision can produce several parton-
parton interactions with a certain degree of correlation besides the main hard scattering
interaction. This phenomenon is commonly named multiparton interactions [37] and
the computation of its contribution to the observed final states in a hadron collider
involves an effective model; perturbative calculations, in fact, lead to divergencies in
the limit of low transverse momentum interactions. Further hadronic activity is gener-
ated by the remnants of the flux of non interacting partons associated to the colliding
hadrons. Because of the nature of strong interactions, these remnants interact and
combine evolving into colourless states. All these phenomena are usually labelled col-
lectively as underlying event. Underlying event activity leads to an increase in the
probability for the emission of soft jets collinear to the incoming beams of hadrons and
their effect on the final state of the hard parton scattering process is not in principle
negligible. The complexity of the interaction between two hadrons is represented in a
schematic form in figure 1.7. In the context of the present analysis, the multiparton
interaction and underlying event model implemented within the Pythia generator has
been exploited. As an effective model, there is a set of parameters to be tuned in
order to achieve a correct description of the experimental data. The particular choice
of parameters is usually called “generator tune” [38]. The simulated samples produced
for this analysis are based on the tuneZ2* of Pythia, a generator tune specific to the
beam conditions of the CMS experiment.
The multiparton interactions are especially interesting for this analysis since they
can be a direct background to the associated production of a W boson and a b quark
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Figure 1.7: The complexity of a proton-proton collision is schematized here. Two
partons within the incoming protons undergo a hard scattering process
(red dots); the final state of the process is affected by ISR (blue) and
FSR (dark red). Additional parton interactions may occur in the same
proton-proton collision (multiparton interactions, in violet) and further
activity is due to the underlying event (light blue). All the coloured
particles emitted are subject to a hadronization process (light green)
producing jets of colourless hadrons (dark green).
pair. This phenomenon may occur when a hard scattering process producing a W
boson, decaying to an electron or muon and a neutrino, is accompanied by an additional
high pT interaction between two partons in the same collision producing a b quark pair.
The probability of a second hard scattering in the event is small when compared to the
usual soft nature of multiparton interactions, but it may produce non negligible effects
when scaled to the total partonic cross section. This physics process is referred to as
double parton scattering (DPS) and its contribution to the production cross section of
a W + bb final state has been taken into account with the following calculation:
σDPS =
σW × σbb
σeff
where σW and σbb are the cross sections for the production of a W boson and for
the annihilation of two partons into a b quark pair, respectively. These cross sections
are the output of a perturbative calculation, given the high transverse momentum
exchanged in both the involved processes. The effective cross section σeff is the effective
transverse area of hard partonic interactions between the incoming flux of partons and
it is measured experimentally. Numerical values for these quantities will be given in
the last chapter of the thesis, along with the prediction for the W + bb production cross
section.
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1.2.5 Hadronization and jet clustering
The coloured partons emitted during hard scattering processes are pulled by the strong
interaction to evolve into a colourless state through multiple gluon radiations. Emit-
ted gluons produce quark-antiquark pairs which eventually recombine themselves as
mesons and baryons. This process is called hadronization and results in a cascade of
collimated hadrons which carry the information about the momentum of the initial
parton. Such an object is generally referred to as hadronic jet. The hadronization is a
complex process and several effective models have been implemented in order to achieve
a good description of the final state jets, the most widely used being the “Lund string
model” [39] adopted, for example, by the PYTHIA generator. In figure 1.8 a graphical
representation of how a jet displays in a experimental apparatus, the CMS experiment
in this case, is shown.
Figure 1.8: Hadronic jets are the result of the fragmentation process of partons emit-
ted during a hard scattering into a spray of collimated hadrons. These
objects are detected experimentally as a cluster of energy deposits within
the particle detector, the CMS detector in the case of this particular rep-
resentation.
The anti-kT algorithm
As it is clear from the previous discussion, the prediction of processes governed by
strong interactions is a complex task and leads to results within a certain degree of
approximation that is unavoidable whenever trying to integrate the region of phase
space corresponding to soft and collinear emissions. On the experimental side as well,
the detection and measurement of final states from strong processes has to deal with
some compromise due to the fact that coloured particles manifest themselves as a spray
of collimated hadrons whose multiplicity increases with lowering pT , towards the lower
16 CHAPTER 1. THE W+BB PROCESS
limit of detector sensitivity. Consequently, an operational definition of hadronic jets
has to be given and it needs to be efficient both from the experimental and theoretical
point of view by fulfilling a set of basic requirements [40]:
• it has to be simple to implement both experimentally and theoretically;
• it has to be defined at any order of perturbation theory;
• it must yield finite cross sections while being insensitive to the details of the
hadronization process.
Several jet clustering algorithms may be defined in order to accomplish the requirements
in the previous list [41]. The last two bullets of this list, in particular, translate into
two fundamental properties for every clustering algorithm:
• collinear safety: the output of clusterization must be invariant under the split-
ting of one particle in two collinear particles with half the momentum carried by
the initial one;
• infrared safety: the output of the clusterization needs to be invariant with
respect to the addition of infinitely soft particles.
The most exploited jet clustering algorithm within the CMS experiment, as well as the
one used in this analysis, is called the anti- kT algorithm [42] and it is based upon the
definition of distance parameters dij , diB:
dij = min(p
2p
t (i), p
2p
t (j))
∆R2ij
R2
,
diB = p
2p
t (i),
with ∆R2ij = (ηi − ηj)2 + (φi − φj)2 and pT (i, j) the transverse momentum of the two
objects to be clustered; p = −1 in the case of the anti-kT algorithm. The parameter R
is the radius parameter of the algorithm and it is set to R = 0.5 in this analysis and
widely within the CMS experiment. The clusterization is performed on the list of all
produced particles in the event:
1. find the minimum value of all the possible dij and diB computed on the list of all
particles;
2. if the minimum is a diB, define particle i as a jet and remove it from the list;
otherwise recombine particles i and j by summing their four-momenta;
3. repeat the procedure iteratively until only jets are left.
In this particular analysis, the implementation of the anti-kT algorithm found within the
FastJet software package [43] has been used. Most importantly, the same algorithm
has been used in order to produce detector level jets by clustering the list of particles
detected and reconstructed in the detector both in real data and in simulated events,
and generator level jets, by clustering the list of all generated particles in simulated
events: in this way a consistent comparison of theoretical predictions and experimental
results is possible.
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1.2.6 NLO calculations at the Large Hadron Collider
Before dedicating to the study of the W + bb final state, this section aims at briefly de-
scribing the panorama of calculations available for Standard Model processes in proton-
proton collisions at the center of mass energy of the Large Hadron Collider and to sum-
marize the generator tools used in this analysis. NLO calculations are readily available
for a wide range of annihilation processes with up to N = 6 objects in final states:
W/Z + 4 jets, tt¯bb¯, bb¯bb¯, WW + 2 jets as a significative example [44, 45, 46]. The most
interesting results with NNLO corrections regard the inclusive production of W ,Z and
H bosons, and di-photon final states in proton-proton collisions [47, 48, 49].
The generation of the processes studied in this analysis is performed by the Mad-
Graph 5.11 [50] generator. This particular setup provides the calculation of LO matrix
elements for the production of W or Z vector bosons in association with up to four real
emissions. These calculations are matched to parton shower as described in the previ-
ous paragraphs. The vast range of processes described with this configuration includes
the W + bb final state, about which more details will be given in the next section. The
parton density function adopted for the calculations presented here is CTEQ6L [51].
MadGraph is interfaced with PYTHIA 6.4 [52] for the parton shower, hadroniza-
tion and underlying event simulation. As already described, the tuneZ2* is applied
to PYTHIA in order to obtain a reliable description of the underlying event in the
specific beam conditions of the CMS experiment.
1.3 Associated production of W bosons and b quark pairs
The latest calculations for the production of W bosons in association with jet pairs
from b quarks (W + bb from now on) are documented in Refs. [58, 59, 60, 61]. The
measurement of the W + bb final state has quite a history in high energy physics
experiments as well: it has been measured by CDF [62, 63] and D0 [64] experiments at
the Tevatron collider and at the ATLAS [65] and CMS [66] experiments at the Large
Hadron Collider with proton-proton collisions at
√
s = 7 TeV. The tree level diagram
for the production of a W + bb final state in the context of SM physics is represented
in figure 1.9. The computation of the cross section for the production of W + bb final
states presents the additional complexity coming from the fact that the mass of the
b quark is larger than the mass of the proton and its effects are not negligible in the
final calculation. As a consequence, two opposite approximations have been adopted in
order to perform the calculation. In the first approach, the b quark mass is considered
different from 0 and the b content in the proton is neglected: only the PDFs of 4
massless flavours are considered instead. This framework is called massive 4-Flavour
Scheme (4FS), and has the advantage of providing the best kinematical description of
theW+bb system especially in the case of b quarks emitted with low momentum, where
the effects of their mass is most evident. On the other hand, given the high mass of
the b quark, its production can occur only in pairs through the phenomenon of gluon
splitting.
An alternative calculation is based on the assumption of mb = 0 and in this case
the PDF of the massless b quark is considered. This approach is known as massless 5-
Flavour Scheme (5FS), and has the advantage of describing a wider phenomenology of
theW+bb final state. In addition, it deals in a more efficient way with the resummation
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Figure 1.9: One of the possible Feynman diagrams related to the Standard Model
production of a W + bb final state.
of logarithmic terms in the perturbative calculations at a given order in αS . Both the
4FS and 5FS approaches should in principle provide the same results. In practice, the
truncation of the logarithm series which has to be performed in order to complete the
calculation, yields a strong disagreement in LO predictions. The situation improves at
NLO, where the predicted cross section are in better agreement. This behaviour is well
represented in figure 1.10, taken from one of the cited papers [60], where the 4FS and
5FS theoretical cross sections for the W + bb process at LO and NLO are compared.
Consequently, the comparison of these results with experimental data is a fundamental
step for the comprehension of the production mechanism of the b quark. In this regard,
the kinematical characterization of the W + bb final states with the measurement of
differential cross sections is highly interesting from the theoretical point of view. A
previous measurement performed on the Z + bb process [67] with the sample of p-p
collisions at
√
s = 7 TeV collected at the CMS experiment has shown in particular
that the angular distributions of the Z + bb final state are particularly sensitive to the
differences between the 4FS and 5FS models. The same measurement was not possible
in the past on the W + bb final state due to the limited statistics, but it is now feasible
with the sample of proton-proton collisions delivered by the Large Hadron Collider at
a center of mass energy
√
s = 8 TeV during 2012.
1.3.1 The W + bb final state at the Large Hadron Collider
The understanding of the physics of W + bb events is of primary interest nowadays
at the Large Hadron Collider. This Standard Model process is in fact an irreducible
background to the the process of production of a Higgs boson in association with a W
boson, where the Higgs boson decays to a bb¯ pair. The Higgs physics is of course the
backbone of the physics programme at the Large Hadron Collider and the WH process
is of particular interest because it is a handle for the measurement of the b quark
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Yukawa coupling with the Higgs field.
The W + bb process is a background as well to the production of tt¯ quark pairs
both in the fully-leptonic and semi-leptonic decay channels and to the single t quark
production. Besides all the Standard Model processes described above, the W + bb
final states generates a lot of interest in the measurements intended to test new physics
theories beyond the Standard Model where new particles may have a lνbb decay channel,
most notably the supersymmetric extension of the Higgs sector.
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Figure 1.10: Comparison between 4FS and 5FS production of the W + bb process
as a function of k = µ/MW , with µ = µF = µR for different values of
MW [60].
Chapter 2
The LHC and the CMS
experiment
A particle collider can be considered as the most efficient tool for the study of high
energy particle physics. The essential task of a particle collider is to accelerate two
beams of charged particles and to induce them to collide in well defined interaction
points. In the relativistic regime, it is possible to produce final states with new particles
not necessarily belonging to the initial state of the colliding particles, the only limit
being the conservation of quantum numbers and energy in the system. The physical
processes producing the set of particles in final states can be studied in detail by an
appropriate particle detector built around the interaction point.
The present work is based upon the sample of proton-proton collisions produced
by the Large Hadron Collider (LHC) at a center of mass energy
√
s = 8 TeV during
the 2012 data taking period. The first part of this chapter (2.1) is dedicated to the
description of the LHC itself. These collisions were reconstructed and studied with
the Compact Muon Solenoid (CMS) particle detector in order to produce the data for
the physics analysis presented here. In the second part of the chapter (2.2), the CMS
detector will be described, with details about the subsystems and the aspects relevant
to the physics measurement discussed later.
2.1 The Large Hadron Collider
The LHC is the circular hadron collider operated at CERN, capable of accelerating
particles at the highest energy ever achieved. It occupies the 27 km circular tunnel
which previously hosted the Large Electron Positron (LEP) collider. This tunnel is
situated approximately 100 m underneath the surface across the Swiss-French national
border, not far from Geneva. The LHC has been designed to accelerate two circular,
opposite way beams of protons at the center of mass energy of
√
s = 14 TeV (1 TeV =
1012 eV). In addition, LHC can handle beams of heavy ions particles: lead ions, for
example, can be accelerated at the center of mass energy of
√
s = 5.5 TeV.
The particle beams are collimated and focused in order to collide in four inter-
action points. These interaction points are located in artificial underground caverns
hosting the four major particle detectors of the LHC program: A Toroidal Lhc Ap-
paratuS (ATLAS) [72], Compact Muon Solenoid (CMS) [73], Large Hadron Collider
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Figure 2.1: Aerial view of the LHC complex. Starting from the top, clockwise, all
the LHC experiments: CMS, TOTEM, LHCb, ATLAS, ALICE.
beauty (LHCb) [74], A Large Ion Collider Experiment (ALICE) [75]. LHC-forward
and TOTEM are two additional experimental facilities located few hundreds of meters
away from the the ATLAS and CMS interaction points, and are dedicated to a comple-
mentary physics program based upon the study of particles emitted at very low angles
with respect to the colliding beams. Figure 2.1 shows an aerial view of the under-
ground LHC complex and its geographical positioning with respect to the Swiss-French
territory.
The LHC started producing collisions at the end of 2009. During 2010 and 2011 it
produced samples of proton-proton collisions at a center of mass energy of 7 TeV and
lead-lead collisions at 2.76 TeV. The statistically most significant set of collisions has
been produced during 2012 at the center of mass energy of 8 TeV; the data collected
with these proton-proton collisions has been used for the measurement presented in this
thesis and more details about it will be given in section 4.1. The so-called “RUN I”
data taking period, started in 2009, has ended in early 2013 with proton-lead collisions
at 5.02 TeV. Currently, the machine is approaching the end of the first important
technical shut down (Long Shutdown 1, LS1), dedicated to the repair and upgrade of
certain areas of the apparatus in order to safely accelerate particle beams at 13 TeV in
the center of mass, not far from the design maximum for the LHC.
2.1.1 The accelerator
The following section is an overview of the main characteristics of the LHC and its
parameters that are of any relevance to the acquisition of data at the experiments
around its collision points. A more comprehensive description of the machine from the
technical point of view may be found here [68].
The chain of accelerators needed to bring the particle beams at the highest energy is
represented in figure 2.2. As described in [69], the path of the accelerated particles goes
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Figure 2.2: The complex of accelerators needed to bring the particle beams to the
planned energy threshold.
through several intermediate stages of acceleration before eventually being injected in
the LHC main ring:
• Linac2, length = 36 m: it is the first and only linear accelerator in the chain.
The energy of the output particles is of 50 MeV;
• Proton Synchrotron Booster, circumference = 157 m. Nominal energy: 1.4 GeV;
• Proton Synchrotron, circumference = 628 m. Nominal energy: 25 GeV;
• Super Proton Synchrotron, circumference = 7 km. Nominal energy: 450 GeV.
The circulating particles are induced on a stable and approximately circular orbit by
1232 superconducting 14.2 m long Niobimium-Titanium dipole magnets, cooled down
at 1.9 K with a liquid 3He cooling circuit and capable of producing a magnetic field
of about 8.33 T. In figure 2.3 the transverse layout of one of the dipole magnets is
represented: since the two colliding beams that circulate through the LHC in opposite
direction are made of particles with the same positive electrical charge, the dipole
magnets are designed to contain two separated cavities filled with an inverse magnetic
field.
Around each of the four interaction points the circulating particles go through a set
of additional magnets with a more complex magnetic field configuration (quadrupolar,
sestupolar and octupolar) with the aim of collimating, focusing and making the beams
stable in order to maximize the probability of interaction between the crossing particles.
The particles are grouped in small bunches with a transverse size of 15 µm and a
longitudinal length of few centimeters, each containing about 1.6 × 1011 protons. The
LHC has been designed in order to allow a minimum spacing between two consecutive
bunches of 25 ns, which corresponds to a bunch crossing frequency of 40 MHz. In this
configuration, each beam can be filled with up to 2808 bunches of protons. During
the “RUN 1” data taking period a bunch spacing of 50 ns has been adopted instead,
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Figure 2.3: Transverse layout of one of the 1232 dipole magnets placed along the
LHC ring. Their purpose is to bend the trajectory of the particle beams
into a stable circular orbit.
corresponding to a maximum of 1404 bunches per beam. The density of protons at
the bunch crossing is described by two parameters: the emittance ϵη, which describes
the phase space distribution of particles in the beam; a lower emittance corresponds to
bunches of well collimated particles, all with very similar momentum and parallel tra-
jectory. The betatron function (sometimes called amplitude function) β∗ corresponds
to the beam width ∆beam squared divided by the beam emittance, or the distance at
which the beam width is doubled with respect to the bunch crossing point:
β∗ =
∆2beam
ϵη
roughly speaking, this quantity describes how well the beam has been squeezed by the
focusing magnets around the crossing point: a lower betatron function maximizes the
probability of interaction.
With all the quantities previously described it is possible to define the particle
collider instantaneous luminosity L:
L = γfkBN
2
p
4πϵηβ∗
F ,
with kB the number of bunches circulating, Np the number of protons per bunch, γ
and f the Lorentz factor and the revolution frequency of the bunches within the orbit
respectively, F the crossing angle correction factor. The instantaneous luminosity is
the parameter of greatest interest for a particle collider because it can be used, along
with the theoretical cross section of a given physical process and the acceptance of the
particle detector, to compute the expected number of events for the physical process
under study over a particular data taking period. The higher is the luminosity, the
higher the number of events for the same process. The design luminosity for the LHC
is 1034cm−2s−1. The peak luminosity ever reached by the machine corresponds to
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7 × 1033cm−2s−1, a condition that has been obtained during the 2012 data taking
period with a bunch spacing of 50 ns.
The total proton-proton cross section at the LHC is of the order of 100 mb [70, 71].
Given the LHC instantaneous luminosity and the beam parameters described above for
the 2012 data taking conditions, it is possible to estimate the average number of proton
interactions per second to be equal to about 109, i.e. an average of 20 interactions per
bunch crossing. This phenomenon of multiple interactions per bunch crossing is called
pileup, and needs to be carefully taken into account when reconstructing a physically
interesting event in order to disentangle the proton interaction generating a process of
interest from the plethora of the decay products from the other pileup interactions.
The following table is a summary of the LHC’s most relevant design parameters.
In parentheses, the operational parameters of the machine during the 2012 data tak-
ing period for proton-proton collisions at 8 TeV center of mass energy at the CMS
interaction point are reported.
p-p Pb-Pb
E 7 TeV (4 TeV) 2.76 TeV
B 8.33 T 8.33 T
∆t 25 ns (50 ns) 100 ns
kB 2808 (1404) 596
Np 1.1 1011 (1.6 1011) 7 107
L ∼ 1034cm−2s−1 (∼ 7 1033) ∼ 1027cm−2s−1
pileup ≃ 20 events −
2.1.2 Coordinate system
The coordinate conventions adopted by the LHC and all of its experiments is described
in the following text. For a particular experiment, the center of the laboratory reference
frame corresponds to the interaction point and the zˆ axis corresponds to the tangent
line to the beam at the interaction point, in the anti-clockwise direction. The xˆ axis
is perpendicular to the zˆ axis and virtually joins the interaction point with the center
of the LHC ring, pointing toward the ring center. The yˆ axis is perpendicular to zˆ
and xˆ and points towards the ground surface. These coordinates are used to define the
following quantities:
• r = √x2 + y2 : the distance with respect to the beam line;
• φ = arctan (y/x) : the azimuthal angle;
• θ = arctan (r/z) : the polar angle;
• η = − ln (tan θ/2) : the pseudorapidity.
Every point in space is described by the (r,φ, η) triplet of coordinates and in particular
the (φ, η) coordinate set describes the direction of a particle produced at the interaction
point.
For what concerns the kinematical variables, it is worth remembering that in a
hadron collider like the LHC the momentum of the initial state of the interacting
partons is virtually unknown. It can be well approximated to zero in the transverse
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direction with respect to the beam, since the transverse component of the momentum
of the interacting partons is negligible with respect to the longitudinal component.
The same approximation does not hold in the longitudinal direction: as a consequence,
physics analyses can take into account only a balance in the transverse component of
the interesting kinematical quantities:
• pT = p sin θ [GeV/c] : the transverse momentum;
• ET =
√
p2T c
2 +m2c4 ≃ pT c [GeV]: the transverse energy;
• E⃗missT = −
∑n
i=1 p⃗T
ic [GeV] : the missing ET (MET) in the decay products of an
event. The MET is a good indication of weakly interacting particles like neutrinos
and particles predicted by new physics theories or, alternatively, of particles that
have been emitted outside of the detector geometric acceptance or that have not
been detected due to a detector inefficiency.
2.2 The Compact Muon Solenoid experiment
As one of the two general purpose particle detectors installed at the LHC, the Compact
Muon Solenoid (CMS) experiment has been designed in order to study most of the
physics topics within reach of the LHC direct production. This achievement depends
on the fulfillment of challenging technological and computing requirements [76]:
• robustness against radiation damage;
• fast response electronics, able to cope with the high rate (40 MHz) of events;
• high detector granularity, as required from the high number of pileup interactions
per event (∼ 20);
• storage and computing infrastructure has to be able to deal with a stream of
triggered events of the order of 100 Hz, out of the initial 40 MHz stream delivered
by the LHC.
These technological constraints have been carefully blended together with the de-
tector performance requirements from the physics point of view:
• high momentum resolution of the tracking system and good vertex reconstruc-
tion from the decay products of the hard scattering particles. These capabilities
guarantee, in particular, a good τ and b-quark identification;
• high energy resolution electromagnetic calorimeter, at least σ(E)/E ≃ 1% at
100 GeV in the whole geometric acceptance;
• high resolution on the hadronic jet energy and MET;
• high momentum resolution for the muon system, at least σ(p)/p ≃ 1% at 100 GeV
in the whole geometric acceptance.
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Figure 2.4: Representation of the layout of the CMS experiment. The tracking
system is placed in the innermost region of the detector (light gray).
Then, within the solenoidal magnet (gray), there are the electromag-
netic calorimeter and the hadronic calorimeter (yellow). Outside the
magnet, the muon chambers (white) and the iron return yoke (red) are
shown.
The answer to all of these requirements is a complex structure of subdetectors and ap-
paratuses, each optimized for a particular measurement or task. Figure 2.4 represents
a scheme of the global layout of the CMS. The leading component in the design of
the detector is the super-conducting solenoidal magnet. The purpose of the magnet is
to generate a high intensity magnetic field for the measurement of the momentum of
charged particles with the best possible resolution, in symbiosis with the high granular-
ity of the tracking system. The magnet contains the tracking system, the electromag-
netic calorimeter and almost completely the hadronic calorimeter. The tracking system
occupies the innermost space of the detector around the interaction point in order to
get the maximum vertex reconstruction performance. The space outside of the magnet
is populated with the outermost layer of the hadron calorimeter, the muon system and
the iron return yoke for the external magnetic field. The whole detector has a length
of about 22 m and a radius of 7.5 m, weighing approximately 12500 tons.
All the information and the measured quantities from each sub-detector are put to-
gether in order to try to identify all the particles in the final state of a hard scattering
process. More details about how this information is actually treated and combined will
be given in the following chapters. In figure 2.5 the transverse layout of the CMS detec-
tor is shown, together with a simplified representation of how the particle identification
is performed.
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Figure 2.5: Transverse representation of a slice of the CMS detector. In particu-
lar, the figure represents in a simplified way how the information from
sub-detectors is put together in order to identify crossing particles: all
the electrically charged particles are detected in the tracking system;
electrons and photons release all of their energy in the electromagnetic
calorimeter (green); hadrons release most of their energy in the hadronic
calorimeter (yellow), independently of their electric charge. Muons most
often cross through the magnet and are detected within the muon system
(red).
2.2.1 Super-conducting solenoidal magnet
In order to keep the muon system and the detector itself reasonably compact without
sacrifying momentum resolution, the CMS detector has been designed around a solenoid
magnet [77] capable of producing a 3.8 T magnetic field providing the bending power
needed to achieve a good resolution for high momentum particles. As a consequence,
the fairly simple structure of the magnetic field generated by a solenoidal magnet makes
its software simulation easier when compared to more complex magnetic configurations.
Figure 2.6: Left in the figure, the layout of the CMS super-conducting magnet is
represented. On the right, one of the super-conducting coils of the CMS
magnet is represented in detail, with its aluminum casing.
The CMS magnet has a longitudinal size of 12.9 m and a diameter of 5.9 m and it
is made up of 2168 Niobium-Titanium coils. The magnet coils are cooled at 1.9 K with
a 3He system in order to reach the superconducting phase and carry a total electric
current of 20 kA with the magnetic field at full intensity. The coils are contained in an
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aluminum casing providing thermal and mechanical stability to the magnet.
2.2.2 Tracking system
The tracking system [78] of the CMS experiment occupies the innermost region of the
detector with the shortest distance from the interaction point of the LHC beams. The
system can be divided in three sub-detectors occupying regions of space at different
distances from the interaction point. The shorter the distance with respect to the
interaction point, the higher the intensity of flux of particles produced at the interaction.
Consequently, each section of the tracking system implements a different technology
with the required granularity and radiation hardness from the incident flux of particles.
In figure 2.7, the scheme of the tracking system is represented.
Figure 2.7: Layout of the tracking system. The innermost region hosts the barrel
(TPB) and the endcaps (TPE) of the pixel detector, in green. Externally,
the silicon strip detector is divided in four sections: inner barrel (TIB),
inner discs (TID), outer barrel (TOB) and endcaps (TEC).
Pixel detector
The pixel detector occupies the innermost region of the tracking system, at an ap-
proximative distance of 10 cm from the interaction point. The best possible spatial
resolution is needed to cope with a flux of particles as high as 107cm−2s−1 and discrim-
inate pileup signals. The pixels of the detector have a size of 100 µm times 150 µm.
The central part of the detector, called barrel (TPB in figure 2.7), has a cylindrical
shape with its axis of symmetry coincident with the LHC beam line and consisting of
three layers of pixels. The lateral part of the pixel detector consists of two endcaps
(TPE in figure 2.7) consisting of two layers of pixels. The pixel detector is made of 768
pixel modules in the barrel and 672 modules in the endcaps, summing up to a total of
66 millions of pixels; it is capable of detecting particles with a pseudorapidity |η| ≤ 2.4
with an average spatial resolution of 10 µm along the r and φ directions, and with an
average spatial resolution of 20 µm along the z direction.
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Figure 2.8: The CMS silicon strip detector.
Silicon strip detector
The tracking in the outermost region of the tracking system is performed with a silicon
strip detector. The silicon strip tracker can be separated in four different sub-detectors:
• tracker inner barrel (TIB in figure 2.7): it occupies the inner part of the silicon
strip tracker (20 cm < |r| < 55 cm and |z| < 65 cm) and it is arranged in four
layers of strip detectors. Since the region is crossed by a higher flux of particles,
the pitch strip is the narrowest within the strip tracker and varies between 80 µm
and 120 µm. The spatial resolution achieved with this setup is between 23 µm
and 34 µm along r and φ directions and about 230 µm in the z direction;
• tracker outer barrel (TOB in figure 2.7): it occupies the outer part of the silicon
strip tracker (|r| > 55 cm and |z| < 65 cm) and it is arranged in six layers of
strip detectors. The strip pitch varies between 80 µm and 120 µm and the spatial
resolution is between 35 µm and 52 µm along r and φ directions and about 530 µm
in the z direction;
• the tracker endcaps (TEC) and the tracker inner disks (TID): they are placed
externally to the TIB and TOB. All the modules are placed in concentric rings
with respect to the beam line and the strip pitch varies accordingly to the distance
from the interaction point.
The four detectors contain a total of about 107 silicon strips and are able to detect
particles within the same geometrical acceptance as the pixel detector (|η| ≤ 2.4).
The whole tracking system is cooled down at a constant temperature of −20C in
order to reduce the electronic noise from the silicon dark current. One important aspect
of the tracking system is its size: the most external layers of the silicon strip tracker
have a radius of 120 cm and a longitudinal size of 540 cm. With a detector of these
dimensions, one of the challenging design aspects has been to reduce as much as possible
the amount of material composing the mechanical structure and all the service systems
in order to minimize the interaction probability and the charged particle’s multiple
scattering. The benefit of the reduction of the material in front of the calorimeters
is a better momentum measurement resolution. In figure 2.9 the amount of material
of each component of the tracking system is shown in terms of radiation lengths, as
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Figure 2.9: Tracker material budget.
a function of the pseudorapidity in the CMS coordinate system: it never exceeds 2
radiation lengths.
Track reconstruction
The track reconstruction starting from the signals collected by the tracking system is
based upon the combinatorial Kalman filter (CKF) [79]. The information produced by
the tracking system when a crossing particle is detected by all of the tracker layers, is
organized as follows:
• 2 measurements each with 3 coordinates from the pixel detector. The spatial
resolution of these measurements is about 10 µm;
• 14 measurements each with 2 coordinates from the silicon strip detector. The
spatial resolution of these measurements is about 30 µm in φ.
The measurements from the pixel detector are used as a seed to the track finding
procedure that looks for all the possible combinations of signals and stores the ones
that correspond to a real particle track with a satisfying probability. A particle tra-
jectory is fitted to these tracks with the CKF algorithm in order to get an estimate of
the momentum and vertex coordinates of the crossing particle. The CKF algorithm as-
sumes a Gaussian spread of the measured coordinates that well describes the Coulomb
scattering to which charged particles are subject when crossing the tracker material. In
figure 2.10 the global efficiency for the reconstruction of 1 GeV, 10 GeV and 100 GeV
muons with the tracking system is shown.
2.2.3 Electromagnetic calorimeter
The CMS electromagnetic calorimeter (ECAL) [80] is a hermetic and homogeneous
calorimeter made of about 75000 lead tungstate (PbWO4) scintillating crystals. The
layout of the calorimeter, represented in figure 2.11, is composed by a main section of
cylindrical shape centered around the beam line, commonly named barrel (EB). The
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Figure 2.10: The first two graphs on the top describe the reconstruction efficiency
of the tracking system for muons of 1 GeV, 10 GeV and 100 GeV
respectively. The third plot on the bottom describes the momentum
resolution for the same particles; in the central region of the detector
the resolution is always better than 1% [90].
barrel contains 61200 scintillating crystals. The bases of the cylindrical ECAL barrel are
covered by two endcaps (EE), containing 7320 crystals each. With this configuration,
the geometrical acceptance of ECAL extends in pseudorapidity up to |η| < 3.0. The
ECAL barrel overlaps with the endcaps in a narrow region of space around |η| = 1.479;
in this transition region, the performance of the ECAL is slightly deteriorated. This
behaviour is taken into account in the simulation of the detector as well as in physics
analyses. In addition to this setup, the region of pseudorapidity 1.653 < |η| < 2.6 is
equipped with a thinner sampling calorimeter made of two layers alternating lead and
silicon strip detectors. The apparatus is called preshower detector and has a much
greater spatial resolution than the ECAL itself, making it an ideal complement for the
system in the high pseudorapidity region where the flux of crossing particles is stronger.
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Figure 2.11: Layout of the CMS electromagnetic calorimeter (ECAL).
PbWO4 crystals
The choice of lead tungstate (PbWO4) both as a scintillating and absorbing material
is driven by the needs of a compact homogeneous calorimeter:
• a high density, and thus a short radiation length χ0 and Molie´re radius RM ; these
quantities are respectively χ0 = 0.89 cm and RM = 2.2 cm for lead tungstate;
• a good transparency to scintillation light produced by the electromagnetic shower
initiated by the impacting high energy particles. The PbWO4 can transmit ap-
proximately 70% of the light in the electromagnetic spectrum between 420 nm
and 430 nm, which is the wavelength at which most of the scintillation light is
emitted;
• a fast scintillation time in order to reduce the probability of pileup signals. ECAL
crystals are capable of emitting 80% of the total scintillation energy within 25 ns
from the development of the electromagnetic shower, which is a time length com-
patible with the bunch crossing frequency of the LHC.
In figure 2.12 a PbWO4 crystal is shown together with its electronic readout system,
described in more details later in this section.
Figure 2.12: the figure represents a crystal from one of the ECAL endcaps. The
crystal is equipped with a vacuum phototriode sensor.
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The light yield and the transparency of the crystals have a major influence on
the amount of light detected by the read-out electronics and thus have to be precisely
measured for every crystal in order to achieve a reliable energy measurement. The light
yield of lead tungstate crystals depends on their working temperature. For this reason,
a cooling system has been integrated with the ECAL that keeps the whole system at a
constant temperatures of 18C with oscillations smaller than 0.1C. The electronic read-
out gain also depends on the temperature and thus the cooling system is in charge of
stabilizing the readout system’s temperature as well. The transparency of the crystals
decreases with the increasing amount of absorbed radiation. The transparency drop
that is due to radiation damage tends to recover during prolonged periods of technical
stop. In order to have a precise measurement of crystals transparency at any time
during data taking, a calibrated source of light from a laser has been installed within
the ECAL and brought to every crystals by means of optical fibers. The periodical
measurements performed with the laser source are used to calibrate the response of
each crystal.
ECAL layout
The calorimeter crystals are organized in a way that is most suitable for the read-out
electronics and to the mechanical structure of the calorimeter. Each crystal has the
shape of a truncated pyramid: the crystals populating the barrel have a front plane,
the one facing towards the interaction point, of 22× 22 mm2 and a backward plane of
26×26 mm2. Their length is 230 mm, which corresponds to approximately 26 radiation
lengths. In terms of pseudorapidity coverage, they have a size of 0.0174 × 0.0174 ra-
diants. The crystals in the endcaps have a slightly different size of 28.6 × 28.6 mm2
at the front surface and a length of 220 mm, corresponding to a pseudorapidity size of
0.05× 0.05 radiants. The crystals are not facing exactly towards the interaction point,
but they are slightly tilted by three degrees in order to avoid loss of particles at the
interface between two adjacent crystals. Figure 2.12 shows one of the ECAL endcap
crystals with its readout electronics.
Figure 2.13: The picture on the left represents some of the ECAL barrel supermod-
ules during their installation in the CMS detector. On the right, the
assembling of one of the ECAL dees is represented.
The crystals in the ECAL barrel are organized in submodules of 5 × 2. Submod-
ules are grouped into modules containing 400 or 500 crystals each. Three subsequent
2.2. THE COMPACT MUON SOLENOID EXPERIMENT 35
modules of 400 crystals plus a 500 crystals module are grouped together in a bigger
structure called a supermodule containing 1700 crystals (20× 85): the barrel is formed
by two rows of 18 supermodules along the φ, summing up to a total of 61200 crystals.
The organization of the crystals is slightly different in the endcaps, as a consequence
of their different mechanical structure. The smallest endcap unit is a super-crystal,
formed by 5× 5 crystals. Super-crystal are grouped into sectors and dees: each endcap
contains two “dees”, with semi-circular shape; each dee is divided into two sectors.
The total number of crystals per endcap is 7324. In figure 2.13 the pictures of a ECAL
barrel supermodule and of an endcap dee are represented.
Read-out electronics
The read-out electronics of the ECAL calorimeter needs to satisfy the following require-
ments:
• fast response, imposed by the high frequency of LHC bunch crossings;
• resistance to radiation damage and operability under the 3.8 T magnetic field
generated by the solenoid.
The final choice was avalanche photodiodes for the ECAL barrel crystals, where the
perturbation of the magnetic field is most critical, and vacuum phototriodes for the
endcaps crystals. The avalanche photodiodes have a 5× 5 mm2 detecting surface and
are characterized by an optimal signal-to-noise ratio and a very high internal gain;
each barrel crystal is equipped with two photodiodes. The vacuum phototriodes that
equip the endcaps crystals have a generally worse S/N ratio performance, but are more
tolerant to the higher amount of radiation crossing the ECAL endcaps. They have a
much wider detecting surface of 280 mm2, in order to get the best possible performance
in terms of S/N ratio.
The electric signals produced by avalanche photodiodes and vacuum phototriodes
are amplified and digitized by the front-end electronics. Each front-end electronics
board collects signals from groups of 5× 5 adjacent crystals; each 5× 5 set of crystals
connected to the same board is called a trigger tower.
The photodiodes and phototriodes output is read every 25 ns. When the signal
collected by a crystal is above a certain threshold, the energy measurement is stored.
In order to reduce the contribution from electronic noise, the energy measurement is
performed on a set of 10 subsequent voltage readings; with this wider set of data it
is possible to reconstruct the shape in time of the energy released by the crystal after
absorbing an electromagnetic shower and the pedestal voltage of the photodiode (pho-
totriode), obtaining a much more precise energy estimate. The situation is represented
in figure 2.14.
Energy resolution
For particles with energy smaller than 500 GeV, the electromagnetic energy resolution
is well described by the following formula:
(
σ
E
)2
=
(
S√
E
)2
+
(
N
E
)2
+ C2 [GeV],
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Figure 2.14: The plot represents the time response of an ECAL crystal when crossed
by a cosmic muon. The unit on the y axis is the light intensity measured
by the photodiode in ADC counts. On the x axis the ten consecutive
readouts stored by the frontend electronics at each energy deposit above
threshold.
where S is the stochastic term, N the noise term and C the constant term. In the case
of the ECAL barrel, one can expect the following energy resolution:(
σ
E
)2
=
(
0.028√
E
)2
+
(
0.12
E
)2
+ 0.0032 [GeV].
This performance has been confirmed both by laboratory testbeams with beams of
120 GeV electrons [89] and by the analysis of the data collected during the “RUN
1” data taking period [88]. In particular, during the laboratory testbeams, an energy
resolution of 0.45% was been measured. In figure 2.15 the energy resolution as a
function of the energy is shown, for the results obtained during laboratory tests.
2.2.4 Hadron calorimeter
The CMS hadron calorimeter (HCAL) [81] has a similar layout to the ECAL, with
a cylindrical barrel (HB) and two lateral endcaps (HE). The HCAL has the same
geometrical acceptance as the ECAL (η < 3.0) and the two calorimeters form a compact
apparatus fitting inside the solenoidal magnet, with the ECAL occupying the innermost
region of space. Besides the HB and HE, HCAL is made of two further components:
the forward hadron calorimeter (HF) and the outer hadron calorimeter (HO). The HF
calorimeter is placed along the beam line outside of the main structure of the CMS
detector and covers the very high pseudorapidity region up to |η| < 5.0. The HO is
a set of additional layers of the barrel calorimeter placed outside of the magnet, and
collecting the energy coming from residual particles that crossed all the material inside
the magnet, and eventually interacted with the high density material composing the
magnet itself. In figure 2.16 the layout of the HCAL is represented together with the
ECAL and the tracking system, giving a nice overview of the detectors inside the CMS
solenoidal magnet.
The HCAL is a sampling calorimeter, and its working principle is based upon the
alternating layers of high density absorber material, where hadrons have a greater
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Figure 2.15: Energy resolution of the ECAL calorimeter as a function of the incident
electron energy. The measurement has been carried out with an elec-
tron test beam and their energy has been reconstructed over a matrix
of 3× 3 crystals.
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Figure 2.16: Geometric acceptance of the HB, HE components of the hadron
calorimeter, along with the ECAL and the tracking system.
chance to interact and trigger a hadronic shower, and layers of plastic scintillators
converting the absorbed energy into detectable light. The absorber layers have a depth
of 5 cm and are made of brass, while the plastic scintillator layers have a depth of
3.7 mm. The number of layers is not constant within the calorimeter depending on the
position within the detector, the total depth of each HCAL module being equivalent
to 5 < χ0 < 10 in terms of radiation lengths. The HCAL granularity is equal to
0.087 × 0.087 radiants in the barrel and varies between 0.087 × 0.087 radiants and
0.165 × 0.35 radiants in the endcaps at higher pseudorapidity. Every HCAL module
is spatially matched to a 5 × 5 ECAL crystal cluster. As already mentioned when
describing the ECAL readout electronics, the combination of a HCAL module and
5× 5 crystal cluster (a trigger tower) is commonly called a calotower.
The scintillation light produced by the plastic scintillators is collected by a set of
wavelength-shifting optical fibers (WLS) and measured by hybrid multichannel photo-
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Figure 2.17: Layout of the HCAL barrel, at the moment of its installation in the
CMS detector.
diodes. The amplification and digitization of the photodiodes output is simpler than
the process implemented in the ECAL and it is based upon the integration of a certain
set of subsequent voltage measurements performed every 25 ns in correspondence of
every bunch crossing.
The scheme described above is valid for the HB, HE and HO components of the
hadron calorimeter. The HF calorimeter is based upon a completely different working
principle. The absorber material is made of steel plates with a depth of 5 mm. The op-
tical signal is produced by a set of quartz fibers, where light is produced via Cherenkov
emission instead of scintillation. The output photons are collected by dedicated optical
guides and detected by photomultipliers that are properly shielded behind a thick layer
of absorber material.
2.2.5 Muon system
Muons are firstly detected in the inner tracking system. The momentum resolution
achieved in the tracking system satisfies the CMS requirements for muons of momen-
tum up to 200 GeV/c. The inner tracker resolution for higher momentum values is
unsatisfactory and triggers the need for an external muon system [82] capable of mea-
suring muons over a longer trajectory in a magnetic field with an average intensity of
1.8 T.
The muon system is composed by three different sets of detectors: drift chambers
(DT), cathode strip chambers (CSC) and resistive plate chambers (RPC). The layout
of the muon system is represented in figure 2.18. A number of 250 DT chambers cover
the central |η| < 1.2 pseudorapidity region and are arranged in four concentric layers
around the beam line: they cover a huge surface that is crossed by a moderate flux of
particles and are the ideal detector for such an environment, being relatively cheap and
easy to handle. The DT chambers in the CMS muon system have a maximum drift of
20 mm, translating to a spatial resolution of 200 µm. The layers of the DT chambers are
alternated with the iron plates of the magnetic field return yoke. The CSC chambers
cover the higher pseudorapidity region 0.9 < |η| < 2.4, crossed by a higher flux of
radiation, and are characterized by a faster response and better robustness against
radiation damage. The CSC detector is made of 468 chambers with a spatial resolution
of 200 µm. In addition, the central region (|η| < 1.6) of the muon system is equipped
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Figure 2.18: The picture represents the layout of the CMS muon system: the DT
chambers (green), the CSC chambers (blue) and the RPC chambers
(red).
with a set of RPC chambers with a very fast response of about 3 ns. The very high time
resolution of the muon system, further enhanced by the RPC chambers, is exploited
by the first level trigger system together with the calorimetric information in order to
create the lowest level set of event selection criteria.
2.2.6 Trigger
The trigger system of CMS is designed for the challenging task of reducing the 40 MHz
stream of events produced by the LHC of a factor of about 106, in order to reject
uninteresting events and reduce this stream to a rate of about 100 Hz that can be
handled safely by the storage system. The trigger system is thus a crucial component
for the high quality of the physics output.
The data acquisition scheme of CMS is described in detail in [83]. On top of the
lowest level, constituted by the front-end electronics of each detector, a hardware trigger
system is implemented with simple selection criteria and a very fast decision system.
This system is called first level (L1) trigger. If an event satisfies the L1 trigger selection
criteria, the whole read-out chain is triggered and the event is pipelined for storage.
The final decision before actually beginning the storage of the events is performed by
a more sophisticated and flexible software trigger, that partially reconstructs the event
in order to base its decisions on observables with greater physical discerning power.
First level trigger
The L1 trigger is implemented with ad-hoc logical circuits delivering the fastest possible
time response. The L1 trigger is based upon the data from the muon system and the
electromagnetic calorimeters, which are the two CMS detectors with the fastest time
response.
The amount of time between the instant at which electrical signals are generated in
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Figure 2.19: The picture represents the L1 trigger working scheme.
the front-end electronics and the instant at which a L1 trigger decision is taken can be
estimated at about 3.2 µs. During this time the informations recorded by each detector
are pipelined, waiting for the the final decision of the trigger system. The criteria
implemented by the L1 trigger are fairly simple and consist in the selection of energy
clusters above certain thresholds that are compatible with simple objects like electrons,
photons, muons and missing ET . These objects are only partially reconstructed without
exploiting the full detector resolution. With this set of selections it is possible to
efficiently reduce the rate of events from 40 MHz to 1 kHz.
High Level Trigger
The reduction of the event rate from 1 kHz to about 100 Hz, that is the rate that can
be stored and processed by the CMS computing infrastructure, is performed by the
high level trigger (HLT) [84]. Being a software trigger, it is characterized by a greater
complexity and flexibility, at the price of a slower time response. It can perform a
partial reconstruction of the global event exploiting the full resolution of most of the
CMS sub-detectors and apply selection criteria to more complex objects like jets, or to
combination of different objects with customized thresholds. The selection criteria at
HLT level can be updated and adapted to the frequently changing LHC beam conditions
and to the needs dictated by the CMS physics programme. The particular set of
configurations and selections implemented in the HLT in order to select events with
particular final states is called a trigger “menu”, or “path”.
2.2.7 The CMS software infrastructure
The essential task of the CMS software infrastructure is to process and select events
inside the HLT computing farm, deliver them to the CERN storage system for offline
reprocessing and provide tools for their analysis in order to produce physics results.
Alongside this process, the simulation of the events up to full reconstruction is per-
formed with the goal of understanding the detector and comparing the physics output
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with theoretical predictions. The CMS software collection (CMSSW) is based on a
Framework, an Event Data Model (EDM) and a set of Services needed by simula-
tion. The aim of the Framework is to guarantee an easy and efficient integration with
physics and utility modules developed by the detector and analysis groups. More gener-
ally, CMSSW has been developed with the aim of achieving good performance without
sacrifying modularity, flexibility and maintainability of the system. The C++ object
oriented programming language has been chosen as the primary development language,
along with python for configuration and scripting purposes. The EDM is centered
around the Event class, that carries all the information of the data taking, from the ac-
tual output of the readout electronics and the detector conditions, to the reconstructed
physics objects.
The simulation of the CMS detector is performed by means of the GEANT4 [85]
toolkit. Many physical processes are described byGEANT4, along with the the electro-
magnetic and hadronic interactions that allow to describe the evolution of the particles
generated in a hard scattering and their interaction with the detector. The contribu-
tion of pileup interaction is taken into account by simulating additional proton-proton
collisions within the same event. Since the number of pileup interactions is not known
a priori and depends by the LHC running conditions, events are simulated in advance
with a distribution of the pileup number that is possibly similar to the real data taking
conditions. Each event is reweighted a posteriori in order to reproduce the actual distri-
bution of the number of pileup interactions. The effects of this reweighting procedure
will be shown on the simulated samples used for this analysis in section 4.5.1. The
geometry of each subdetector is simulated in detail, together with the detailed map of
the 3.8 T magnetic field. The digitization process of the signals produced by particles
is simulated in order to produce a set of data that has the same format as the real
collisions and can thus be reconstructed and analyzed with the same tools.
Real collision events are stored and reconstructed when the selection criteria for
at least one of the online HLT trigger paths are satisfied. All the events that have
fired a particular trigger path are stored within a certain Primary Dataset. The aim
of Primary Datasets is to collect together events with similar topologies, for example
the SingleElectron, SingleMuon datasets on which the present analysis is based. The
content of these datasets will be described in detail in section 4.1.
The Particle Flow algorithm
The high level event reconstruction has been implemented, within the CMSSW frame-
work, around the Particle Flow (PF) reconstruction algorithm [86]. PF is a full event
reconstruction technique and its goal is to reconstruct all the stable particles produced
during a collision by correlating the local reconstruction performed by each detector.
The CMS detector is well suited to this kind of reconstruction thanks to the high gran-
ularity of the tracking system, capable of efficiently reconstructing tracks of charged
particles with transverse momentum as low as 150 MeV. The PF algorithm creates
a list of basic reconstructed elements, mainly tracks from the inner tracking and the
muon systems and clusters of energy deposited in the calorimeters. These objects are
processed with a linking algorithm creating a list of particle flow candidate particles
(PFCandidates) of different types:
• electrons are stored when a charged track is found to be compatible with one
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or more ECAL deposits, plus a set of electron identification criteria that will be
explained in detail in chapter 3;
• charged hadrons are tagged when tracks with associated calorimetric clusters
fail to be identified as electrons;
• photons and neutral hadrons are identified with ECAL and HCAL deposits
respectively that are not compatible any charged track, plus some additional
selection requirements;
• muons arise from the match between a track from the inner tracker and the
muon system.
The improvements in physics performance thanks to the PF algorithm will be shown
in the next chapter, along with the details of the objects reconstruction.
Chapter 3
Physics objects
The aim of this chapter is to give a description of the physics objects that appear in the
final state of aW +bb process and how they get reconstructed within the CMS software
framework, starting from the information collected by each subdetector for every event.
The first two sections of this chapter discuss the details of the reconstruction of electrons
and muons, which constitute the visible part of the W decay channel that has been
taken into account for this analysis. The third section is dedicated to the hadronic jet
reconstruction and calibration algorithms; the measurement of hadronic jets is tightly
bound to the measurement of the missing transverse energy, and thus the description of
missing ET algorithms will be given in the fourth section. The fifth section deals with
the problems related to the identification of jets generated from heavy flavour quarks.
3.1 Electron reconstruction
Electron reconstruction [87, 88] in CMS is performed by associating a track in the track-
ing system with a deposit of energy in the electromagnetic calorimeter. Two different
approaches are exploited: the standalone approach [102] and the high performance,
global particle flow algorithm [86]. Using and combining the two different strategies
while reconstructing electrons allows both the performance to be optimized in a wider
kinematical range and the similarities with the standalone trigger strategy to be main-
tained, thus avoiding efficiency and acceptance inconsistencies in offline analyses.
3.1.1 Clustering of the ECAL energy deposits
The energy deposit from electromagnetic particles is spread over several crystals in the
ECAL. In optimal conditions, without magnetic field and materials to be crossed before
the calorimeter crystals, the spread has been measured to be contained in a small 5× 5
crystal matrix [92] with electrons of 120 GeV depositing 97% of their energy in this
region of the calorimeter. In working conditions, the electrons lose part of their energy
via bremsstrahlung and multiple scattering due to the magnetic field and the material
situated between the interaction point and the ECAL. In average, the effect induced by
radiation of photons can be large: the energy radiated before reaching the ECAL is on
average about 33% where the material budget is lowest (|η| ∼ 0) and about 86% where
the material budget is largest (|η| ∼ 1.4). In order to measure the electron energy
correctly, it is important to collect this energy radiated which is spread mainly on the
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φ direction due to the electron trajectory in the magnetic field. This phenomenon is
sketched in figure 3.1. For this purpose, a “supercluster” is usually created by grouping
together the clusters of energy deposited by the electron itself and its radiated photons.
Two algorithms of superclustering are used in the ECAL: the hybrid algorithm in the
Figure 3.1: Thanks to the configuration of the magnetic field, the typical energy
deposit of an electron (blue trajectory) is mostly spread along the φ
direction due to radiative energy losses. This geometrical feature can
be exploited in order to identify and cluster the energy deposit from an
electron.
barrel, and the multi 5 × 5 in the endcaps. Both these algorithms are mainly used
within the standalone electron reconstruction approach. The hybrid algorithm used in
the barrel exploits the simple geometry of the ECAL barrel and the properties of the
shower shape, collecting the energy in a narrow η window and in a extended φ window.
The clustering procedure starts around the crystal with the highest energy deposit,
called seed crystal; such an energy deposit has to be greater than 1 GeV. Groups of
5× 1 crystals (in η and φ respectively) are clustered in steps of 0.3 radiants around the
seed if their energy is above a certain threshold. The result of this grouping procedure
is called a proper ECAL cluster. Several adjacent clusters are eventually grouped into
one supercluster with criteria that have been tuned, both with simulation and test data,
in order to achieve the best energy resolution in the widest kinematical range. In the
endcaps, where crystals are not arranged in a (η,φ) geometry, the energy is collected in
clusters of 5 × 5 crystals around a seed crystal with al least 180 MeV of energy. The
clusters containing at least 1 GeV of energy are grouped in steps of 0.07 radiants in
order to form a supercluster. The energy of each supercluster is simply the sum of the
energy contained in each cluster. The position of the supercluster is best estimated
by the weighted average of the crystal positions, with weights proportional to the
logarithm of the energy deposited in each crystal, plus minor corrections depending on
the electromagnetic shower depth. Figure 3.2 illustrates the effect of the superclustering
procedure on the energy recovery from radiation losses, when compared to a simpler
energy measurement based on a 5× 5 crystal clustering.
In addition, as part of the particle flow reconstruction algorithm, an alternative
clustering algorithm is performed, which aims at reconstructing the particle showers
individually. Particle flow clusters are reconstructed by aggregating contiguous crystals
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Figure 3.2: Ratio of the measured energy in the ECAL over the generator level en-
ergy for electrons. The dashed area represents the results of a simple 5×5
matrix clustering, while the blue area represents the energy measurement
with the superclustering technique described in the text. Results for the
barrel and the endcaps are shown on the left plot and on the right plot
respectively.
with energies 2σ above the electronic noise as it was at the beginning of the data taking,
around a seed crystal with E(seed) > 230 MeV for the barrel, or with E(seed) > 600 MeV
(or alternatively E(seed)T > 150 MeV, depending on η) in the endcaps. An important
difference with respect to the standalone approach is that the sharing of the energy
from one crystal among two or more clusters is allowed. These clusters are called
PF-clusters.
3.1.2 Electron track reconstruction
Given the large radiative losses in the case of electrons, that may result in big deviations
from the ideal trajectory, the standard CKF algorithm (described in section 2.2.2) is
not optimal and leads to worse reconstruction efficiency and inaccurate estimate of
the electron track parameters. The procedure of track reconstruction in the case of
electrons can be divided in a first step of track building, followed by a second step of
track fitting. The track building is based on the standard CKF procedure, with very
loose compatibility criteria for the hits in the layers of the tracking system in order
not to reduce the efficiency of the reconstruction process in this step. In the case that
several hits in one layer are compatible with the trajectory that is being built, the
trajectory itself is split in two or more (up to five) trajectories. Tracks without a hit
in more than one layer are rejected, with the aim of reducing the number of electrons
from converted photons. Once the hits have been collected, a Gaussian Sum Filter
(GSF) [91] fit is performed in order to estimate the parameters of the tracks. The
energy loss in each layer is taken into account by associating a mixture of Gaussian
probability distributions to each collected hit.
With the procedure described above it is possible to accurately extrapolate the
momentum and the coordinates of the electron up to the ECAL. This step is very
important when combining the track together with the calorimetric supercluster. The
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fraction of energy lost by radiation is defined as:
fbrem =
pin − pout
pin
,
with pin being the momentum of the electron extrapolated to the beam spot and pout
the momentum extrapolated to the ECAL. The importance of the fbrem variable is
connected with the electron energy measurement and identification, beside being a
good handle for the estimate of the material budget in front of the calorimeters. The
distribution for the fbrem variable is represented in figure 3.3 for electrons in the external
part of the ECAL barrel.
Figure 3.3: Distribution of the fbrem variable in the external region of the ECAL
barrel (0.80 < |η| < 1.44). The distributions of simulated events (in
coloured areas) are normalized to the area of data (black dots).
The track building and fitting is a time consuming procedure that is initiated only
on top of seed tracks from the two or three most internal tracker layers. Two comple-
mentary seeding algorithms have been implemented:
• an ECAL driven seeding that is performed within the standalone electron re-
construction procedure. ECAL superclusters with ET > 4 GeV, together with
a hadronic veto H/E < 0.15, are selected as seeds. The hadronic veto H/E
is defined as the ratio between the energy deposited within a certain distance
around the supercluster in the hadron calorimeter (H) and in the electromag-
netic calorimeter (E). The position of every seed is propagated together with
pairs or triplets of hits from the TIB, TID and TEC layers of the tracking sys-
tem towards the interaction vertex. If the predicted hits from the ECAL seed
match, within a certain window, with at least two tracker hits then the seed is
selected and the track building procedure initiated. The selection criteria for this
matching have been optimized with simulations.
• A Tracker driven procedure has been implemented and usually associated to
the PF electron reconstruction algorithm. In this case seeds are selected among
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the collection of CKF tracks. As already mentioned, CKF tracks yield an accurate
description when the radiative energy losses by the electron are negligible. The
track seeds are selected by the procedure when compatible, within a certain E/p
and position window, with a PF cluster in the ECAL.
The ECAL driven procedure is generally the best choice, especially in the case of high
pT leptons, given its very low rate of misidentification of fake electrons. The Tracker
driven approach instead achieves the best efficiency in the case of low pT electrons
that are usually not very well isolated within the detector. These electrons may be
rejected during the ECAL supercluster seeding procedure. In order to achieve the best
possible efficiency in the widest kinematical range, the two algorithms are combined
together. As a result, the overall seeding efficiency is predicted via simulation to be
greater than 99% for electrons with pT > 100 GeV, greater than 92% for electrons with
pT > 10 GeV and about 80% for electrons of 5 GeV. A slight loss of efficiency (∼ 74%)
is to be expected in the ECAL transition region (η ∼ 1.479) and outside of the tracker
acceptance (η > 2.4). A data driven procedure for accurately measuring, among others,
the electron reconstruction efficiency will be presented in section 4.5.2.
3.1.3 Track-cluster association
Eventually, an electron candidate is built from the association between a GSF track and
a supercluster. For tracks produced via ECAL driven seeding, the association with the
supercluster seed is straightforward. For Tracker driven electrons, the supercluster may
not always exist. In this case the standard procedure associates the GSF track with
a PF supercluster: in order to recover as much as possible of the radiated energy, all
the PF clusters that are found within the tangents to the GSF track at every tracking
layer, that is where the probability of bremsstrahlung is maximal, are associated to the
main PF cluster in order to create a PF supercluster. The association between a track
and a ECAL supercluster has to satisfy simple geometrical requirements:
• |∆η| = |ηSC − ηextrap| < 0.02;
• |∆φ| = |φSC − φextrap| < 0.15;
with ηSC and φSC the coordinates of the supercluster and ηextrap, φextrap the coordi-
nates of the track extrapolated to the calorimeter. The best estimate of the electron
transverse momentum is obtained from the combination of the GSF fit output and
the energy measured in the associated ECAL supercluster. The effective resolution for
electron transverse momentum is represented in figure 3.4 as a function of the electron
pT .
3.2 Muon reconstruction
The reconstruction of muons in CMS [93] starts from the collection of hits from the
DT and CSC systems, which are characterized by the best available spatial resolution.
The RPC detector, having a much higher time resolution at the price of a lower spatial
resolution, is mainly exploited in the triggering system. A track is built and fitted out
of the muon detector hits with the already discussed CKF technique (section 2.2.2).
Such a reconstructed muon is called a “standalone” muon, containing information from
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Figure 3.4: Effective resolution of the electron energy after combining the measured
supercluster energy and GSF track momentum. Results are shown as a
function of pT for two diferent categories of reconstructed electrons in
the ECAL barrel (blue) and in the ECAL endcaps (red).
the muon system alone. A standalone muon track can be linked to a track from the
inner tracking system, thus producing a “global” muon. In some cases, the number
of hits in the muon chamber may not be enough to build a proper standalone muon
track and this information from the muon system can be used in order to tag a track
from the inner tracking system as produced by a muon; this is the case for “tracker”
muons. Global muons are used to populate the PF collection of muons: when a global
muon is added to the PF muons collection, the corresponding track is removed from
the collection of tracks for the next steps of the particle flow event reconstruction.
3.3 Hadronic jets
Hadronic jets are reconstructed by clustering together all the energy deposits in the
calorimeters or the momenta reconstructed by the tracking systems. The goal of this
procedure is to collect all the energy from the particles descending from the coloured
parton and produced through the process of hadronization and estimate its initial four-
momentum. The hadronization process favours the production of light stable particles
and with good approximation, the content of a jet is described by the following:
• ≃ 65% of the jet content is carried by charged particles, mainly charged pions
and kaons;
• ≃ 20% is converted into photons, mainly from the decay of neutral mesons (e.g.
π0’s and η’s). This is called the electromagnetic component of the jet;
• ≃ 15% of the jet energy comes from neutral hadrons, like neutral kaons, neutrons
and Λ baryons.
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Occasionally, a fraction of the jet energy may be carried by very energetic neutrinos
or non isolated leptons; this is especially common in the case of semileptonic decays
within jets generated by c or b quarks.
In CMS the reconstruction of jets [94] is based on three different collections of
reconstructed objects:
• Calorimetric (CALO) jets are the results of the clustering of all the calori-
metric towers with an energy deposit above threshold;
• Jet-Plus-Track (JPT) jets are essentially calorimetric jets whose energy re-
sponse and resolution are improved by incorporating the information coming from
the tracking system;
• Particle Flow (PF) jets are produced by clustering the four-momentum of all
the particles in the particle flow candidates collection. The candidates which enter
the clustering are charged hadrons, neutral hadrons and photons. The inclusion
of leptons is left to the needs of the particular physics analysis. Throughout
this work, tau leptons are included in the process of clusterization. Muons and
electrons are removed, provided that they satisfy certain pT and isolation criteria
that will be described in the next chapter.
PF jets are used as the only collection of jets in the present analysis. In figure 3.5
the jet energy resolution as a function of jet pT is presented for CALO jets and
PF jets. The additional information about particle identification exploited by the
PF approach is responsible for a consistent performance improvement especially
in the low pT region. More details about the jet energy resolution will be given
in the following section.
The actual clustering is performed with the anti-kT algorithm [42] described in chap-
ter 1, as implemented in the FastJet software package [43], with a distance parameter
R = 0.5. Clearly, not all of the energy deposited in the calorimeters or measured in the
tracking system is always due to particles belonging to a jet. The final state of a hard
scattering process may contain leptons or photons not produced by the hadronization
of a coloured parton, and a plethora of additional particles is produced by the under-
lying event and the pileup interactions. Consequently, a procedure for discriminating
particles not associated with a jet is highly recommended in order to avoid their clus-
terization into jets. This is the reason why electrons and muons with certain pT and
isolation requirements are not considered in the clustering of PF jets. When discrimi-
nating the particles not originated within a jet, the particle flow algorithm has a clear
advantage over the clustering of bare calorimetric clusters. Thanks to the high gran-
ularity and spatial resolution of the tracking system, in fact, all the charged particles
(i.e. charged hadrons and leptons) are associated with very high efficiency to one of
the vertexes reconstructed in the event. All the charged hadrons not associated with
the event primary vertex and thus coming from pileup interactions can be removed
from the list of particles to be clustered in the jets. This procedure is possible through
the PF jet approach and it is called charged hadron subtraction (CHS) [95]; it
prevents the charged component of the jets, which is the most important one, from
the contamination of particles originated from pileup interactions. The neutral and
electromagnetic components need to be corrected a posteriori in order to obtain a bias
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Figure 3.5: Comparison between the simulated performance of CALO jets and PF
jets as a function of the jet pT .
free energy estimate of the jet energy. The set of corrections needed to achieve this
goal is described in the following section.
3.3.1 Jet Energy Corrections
Several corrections are applied to the energy measured by the detector in order to
obtain an accurate estimate of the parton initial energy. These corrections are in the
form of a multiplicative factor C applied to each component of the jet four-momentum
and are factorized between different contributions:
• Offset correction (Level 1): they are conceived in order to correct the remain-
ing contribution from pileup, mainly coming from photons and neutral hadrons,
and to a smaller extent from the residual readout electronic noise. The correction
is performed with the jet area method [96]. This procedure is based on the
event by event estimate of the average pt density ρ due to soft jet activity. The
contributions to this density come from the underlying event, pileup interactions
and readout noise. The size of the offset induced by these phenomena to the
measured jet pT is estimated by multiplying the density ρ times the area Aj cov-
ered by the jet. The underlying event contribution is separated from the density
ρ by subtracting a second pT density ρUE calculated on events with exactly one
primary vertex. The jet area Aj is measured by clustering the jets together with
a very high number of uniformly distributed virtual particles, with momentum
soft enough not to modify the structure of the jets. The formula for evaluating
the offset correction is the following one:
CL1(p
uncorrected
t , Aj , ρ) = 1−
(ρ− ρUE)Aj
puncorrectedT
In figure 3.6 the measurement of ρ for different pileup scenarios is presented, while
in figure 3.7 the uncertainty of the offset jet energy correction is presented as well
for several pileup scenarios.
• Monte Carlo calibration: this correction is primarily meant to calibrate the
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energy response on jets in simulated events in order to reproduce their transverse
momentum at generator level.
• Relative correction (Level 2): the response of the detector is not expected to
be 100% uniform in different pseudorapidity ranges and the aim of this correction
is to obtain a uniform response relatively to the jet energy scale of the detector in
the central part of the barrel, at |η| < 1.3. This correction factor, that is clearly
η dependent, is computed from the jet pT balance of dijet events by selecting a
tag jet in the central barrel and by exploiting the second jet as a probe in order
to estimate the anisotropy on the jet pT measurement in different η ranges. In
figure 3.8 the relative jet energy scale correction as a function of η is shown, along
with its associated uncertainty.
• Absolute correction (Level 3): the absolute energy scale of the jets in the
reference region at |η| < 1.3 is measured as a function of pT on γ/Z+ jets events.
Here the measured pT of the photon or the Z boson is used to calibrate the pT
of the recoiling jet.
Figure 3.6: The pileup (NPV > 1) and underlying event (NPV = 1) average pT
density as measured on dijet events is shown as a function of the jet pT
for different pileup conditions [94]. A denotes the unit area in φ-η space.
The final correction factor in order to obtain the corrected jet energy is expressed by
the formula:
C = CL1(pT )× CMC(pT , η)× CL2(pT , η)× CL3(pT ).
The set of corrections presented here is the minimal set of corrections recommended to
each physics analysis in order to obtain a collection of calibrated PF jets. The total jet
energy correction factor for PF, CALO and JPT jets is shown in figure 3.9 as a function
of jet pseudorapidity, along with its associated uncertainty. Additional corrections
have been computed, taking into account the uniformity response with respect to the
electromagnetic fraction, the jet flavour, and the dependance of the hadron level jet
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Figure 3.7: The uncertainty related to the offset area correction as measured with
the jet area method is shown as a function of the jet pT for several pileup
scenarios [94].
energy with respect to the energy of the initial parton; these further corrections are
applied depending on the special needs of every physics analysis.
3.3.2 Jet Energy Resolution
The uncertainty on the jet pT yields a large contribution to the global uncertainty on the
measurement of theW+bb¯ cross section. Consequently, it is important to have a reliable
description of this uncertainty at simulation level. Since the simulation of hadronic
jets and its reconstruction is a very delicate process, a certain level of disagreement
between real data and simulation is to be expected and corrected with a dedicated
procedure. The jet energy resolution has been measured on collider data by exploiting
the kinematics of dijet events and γ+jets events. In the case of dijet events the fact
that the pT of the two jets is exactly balanced on the transverse plane is exploited
in order to estimate the spread of the sum of the measured jet pT ’s and consequently
the jet energy resolution. In a similar fashion, the pT of the jets recoiling against the
photon in γ+jets events can be compared against the transverse energy of the photon as
measured in the ECAL. The jet momentum resolution in simulated events is estimated
by comparison to the generator level pT of the jets. By comparing the resolution in real
and simulated data it is possible to calculate a set of correction factors to be applied to
the pT of jets in Monte Carlo samples. In figure 3.10 the measured jet pT resolution in
data is compared with its generator level value before (dashed line) and after (red line)
the correction for jets in the endcap region (1.5 < |η| ≤ 2.0). These correction factors
has been derived as a function of the detector pseudorapidity and are reported in the
following table, together with its statistical uncertainty.
3.4. MISSING TRANSVERSE ENERGY 53
Figure 3.8: Relative jet energy scale correction for PF jets as a function of pseudo-
rapidity with associated uncertainty (yellow band) [94].
|η| 0.0-0.5 0.5-1.1 1.1-1.7 1.7-2.3 2.3-2.8 2.8-3.2 3.2-5.0
c 1.079 1.099 1.121 1.208 1.254 1.395 1.056
cdown 1.053 1.071 1.092 1.162 1.192 1.332 0.865
cup 1.105 1.127 1.150 1.254 1.316 1.458 1.247
The correction factors are used to modify simulated jets pT with the following formula:
psmearedt = max[0., c(pT − pgenT )],
with pgenT being the transverse momentum of the jet at generator level. In figure 3.11
the final resolution on the jet pT measurement is shown as a function of the jet pT for
PF jets.
3.4 Missing transverse energy
The missing transverse energy (MET or E⃗missT ) is defined as the negative of the vectorial
sum of the transverse momenta of all the reconstructed particles in the detector:
E⃗missT = −
∑
i∈all
pT i
This quantity can be different from zero when an invisible particle is generated in the
final state of a hard scattering process, like a neutrino or possibly a particle from physics
processes beyond the Standard Model. MET is thus an important physics observable:
in the context of the present analysis, for example, it is used as one of the discriminators
for selecting events with a W boson decaying to a lepton and a neutrino. On the other
hand, MET can be different from zero for a plethora of different instrumental reasons:
• a visible particle is produced outside of the detector geometric acceptance;
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Figure 3.9: Total jet energy correction factor for jets of 50 GeV (left plot) and
200 GeV (right plot) [94]. The correction for CALO jets is shown in
grey, for JPT jets in blue and for PF jets in red.
• misreconstruction of a particle within the detector;
• non-linearity of the calorimeter response for neutral and charged hadrons;
• minimum energy thresholds;
• low pT particles with a strong disagreement between the track direction and the
direction between the calorimetric tower and the center of the detector;
• anomalous electronic noise above threshold;
• parts of the detector not working properly.
Any of these problems can be source to an imbalance in the total momentum of the
reconstructed final state. As a consequence, MET is also an important handle for
the understanding of the detector and its calibration. The missing transverse momen-
tum reconstruction [97, 98] in CMS is performed with three different algorithms that
are based on the same collections of objects as the three different jet reconstruction
algorithms:
• CaloMET is calculated from the energy deposits above the noise threshold in
all the calorimetric towers. The transverse component of each energy deposit
is calculated by associating to the deposit the direction between the tower and
the beam interaction point. Since muons deposit in the calorimeter only a small
fraction of their energy, the pT of all the reconstructed muons in the event is
added to the energy sum.
• TcMET is based on the CaloMET, with the addition of tracker information when
available. In particular, a calorimetric deposit is not considered when an associ-
ated track has been reconstructed in the tracking system and the pT of the track
is used instead in the MET calculation. No track correction is applied for par-
ticles with pT greater than 100 GeV, where the calorimeter energy measurement
has a better performance.
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Figure 3.10: The jet pT resolution is shown before (dashed line) and after (red line)
the bias correction and compared to the resolution as measured on data
for several values of the jet pT [94].
• pfMET is the negative vectorial sum of the momenta of all the PF candidate
particles.
The pfMET has been used throughout the present analysis for consistency with the
usage of particle flow jets; this choice has been driven by the motivation that both
these physics objects are reconstructed and calculated on top of the same collection of
PF candidates. Several corrections have been calculated in order to correct potentially
all the detector effects described above which may bias the MET measurement. The
corrections applied in order to obtain a calibrated pfMET are the following:
• Type-I correction: it is meant to propagate the jet energy scale corrections in
the MET calculation. Particles belonging to a jet are not included in the vectorial
pT sum and the corresponding jet transverse momentum is added instead, after
L1, L2, L3 and Residual (on simulated jets only) corrections have been applied.
The aim of these correction is to obtain the particle level momentum of the jets
and the benefit of its use in the MET calculation is obvious. The formula for the
calculation of the missing transverse momentum then becomes:
E⃗missT = −
∑
i∈jets
p⃗T i
JEC −
∑
j∈uncl.
p⃗Tj ,
Scale corrections are not needed for unclustered PF candidates. These kind of
corrections, so-called Type-II, are important in the case of CaloMET and thus
will not be discussed here.
• Type-0 correction: it is a mitigation of the effect of pileup on the missing trans-
verse momentum, performed by applying the CHS procedure to the MET calcula-
tion. Consequently, charged particles not originating from the primary vertex are
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Figure 3.11: The results of the measurement of the effective jet pT resolution on
γ+jets (red points) and dijet events (blue points) as a function of the
jet pT for PF jets [94].
removed from the transverse momentum sum. Additionally, a correction factor
is applied to the final MET estimate in order to correct for the contribution of
neutral pileup particles. The neutral pileup is estimated with the assumption that
weakly interacting particles, like neutrinos, are produced with negligible proba-
bility during pileup interactions and thus the missing transverse momentum due
to pileup interactions can be assumed to always balance to zero. Then the pileup
neutral fraction can be estimated from the formula:
∑
i∈neutralPU
pT i +
∑
j∈chargedPU
pTj = 0.
• xy-Shift correction: it is a mitigation of the MET φ modulation. The φ de-
pendence of the missing transverse momentum is artificial and can be due to the
anisotropic detector response, inactive calorimeter cells, detector misalignment,
or displacement of the beam spot. These effects result in a sinusoidal shape of
the missing transverse momentum as a function of φ. In order to reduce these
effects, the origin of the coordinate system is actually shifted in the transverse
momentum plane.
Type-I, Type-0 and xy-Shift corrections are the minimal set of corrections to be applied
in order to obtain the calibrated pfMET that has been used in the present work.
3.5 Jet b-tagging
The final state studied in this thesis involves a pair of jets generated from b quarks.
Consequently, the ability to identify heavy flavour jets with a good efficiency is of
crucial importance for this analysis. The identification of b jets relies on the fact
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that B hadrons, resulting from the hadronization of a b quark generated during a hard
scattering process or from the splitting of a gluon in a pair of b quarks, have a lifetime of
the order of 10−12 s which is a factor 4 longer when compared to the lifetime of charmed
hadrons. The B hadrons long lifetime is due to the fact that the b quark decay to a
c or u quark is highly suppressed by the Vcb and Vub parameters of the CKM matrix
describing the strength of the weak interaction between quarks. The corresponding
decay length is of the order of 500 µm and thus the secondary vertex associated to
the decay of the B hadron can be identified within the jet with a good efficiency via
different experimental techniques, thanks to the high spatial resolution of the tracking
system. The details of b-tagging algorithms and their performance on data will be
discussed later in this section. Given the high mass of B hadrons, the multiplicity of
tracks associated to a secondary vertex is on average of about 5 tracks per B decay.
Light quark (u,d,s) hadrons, when not stable, weakly decay with a lifetime which is at
least two order of magnitudes bigger than the typical B decay time and their rate of
misidentification as heavy flavour hadrons is small. Up to some extent, identification
of c quarks is also possible even though the smaller decay length approaches in this
case the resolution limit of the tracking system and a lower identification efficiency has
to be accepted. The details of c-tagging are out of scope for this work and will not be
discussed here: c quarks will be treated in the same manner as light quarks.
Several techniques have been implemented within the CMS experiment in order to
perform the b-tagging of jets[99, 100]. These techniques can be roughly divided in two
groups:
• the techniques exploiting the impact parameter of tracks within a reconstructed
jet. The impact parameter is calculated with respect to the primary vertex asso-
ciated to the jet.
• The techniques attempting to associate tracks within a jet with a secondary
vertex from a B decay.
The algorithm that has been preferred in this work is named Combined Secondary
Vertex algorithm and belongs to the group of techniques previously described. Details
of the algorith and motivation for such a choice will be given in the last part of this
section. All these techniques primarily rely on the track reconstruction, described
in section 2.2.2, and on the procedure of vertex finding briefly described in the next
paragraph.
3.5.1 Vertex reconstruction
The selection of the event primary vertex is simply performed on a collection of primary
vertex candidates created by clustering together the reconstructed tracks with similar
z coordinate at their point of closest approach to the beam line in the transverse xˆy
plane. The position of the vertex is estimated with an adaptive vertex fit [101] to
the tracks that are compatible with the position of the beam interaction point. The
primary vertex is defined as the one among primary vertex candidates with the highest
pT sum of all the associated tracks.
The b-tagging algorithm, though, has to be fed with a sample of tracks with much
tighter purity requirements. This prescription applies to both track based b-tagging
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techniques and to algorithms where a secondary vertex needs to be identified and
reconstructed. For this purpose, reconstructed tracks are selected with the following
requirements:
• pT > 1 GeV.
• χ2ndof < 5: this condition ensures a good quality of the track fit.
• dxy < 0.2 cm and dz < 17 cm: dxy and dz impact parameters are respectively the
transverse and longitudinal distance of the track from the primary vertex at the
track closest approach. The aim of this loose cut is to reduce the contamination
of tracks associated to long-lived decay products.
• Only tracks associated to a jet in a cone of radius ∆R < 0.5 around the jet axis
are considered.
• Tracks are rejected if their distance at closest approach is bigger than 700 µm
with respect to the axis of a jet and 5 cm with respect to the primary vertex.
This selection is applied in order to mitigate the contamination of tracks from
pileup interactions.
The sample of tracks selected with these criteria is the starting point for all the b-tagging
algorithms.
In the case of algorithms where the reconstruction of a secondary decay vertex has
to be performed, the combinatorial complexity of the problem becomes unacceptable in
the case of strong contamination from tracks from pileup interactions. This is the case
for the data taking conditions during 2012. As a consequence, even tighter cuts are then
applied to the track angular distance from the jet (∆R < 0.3), to the distance of the
track with respect to the primary vertex (0.2 cm) and additional purity requirements
are applied [79]. The procedure of reconstruction of secondary vertices is initiated on
this subsample of tracks. An adaptive vertex fit is performed on all the tracks in order to
estimate the position of the secondary vertex. Tracks are assigned by the fit procedure
a weight describing the probability of the track itself to belong to the secondary vertex.
Tracks with a low probability of association with the secondary vertex are reclustered
and iteratively processed with the adaptive vertex fit until all the possible secondary
vertices are found.
3.5.2 Track based b-tagging
The identification of b jets can be performed by exploiting the impact parameter of the
tracks within a jet, as selected with the above criteria, with respect to the primary ver-
tex. Tracks generated from the secondary decay of particles travelling along the jet axis
tend to have a a high positive impact parameter; tracks generated from the hadroniza-
tion at the primary vertex, have a small (positive or negative) impact parameter. The
resolution on the measurement of the impact parameter of a track is not constant in
transverse momentum and pseudorapidity. Consequently, the impact parameter signif-
icance defined as the ratio between the measured impact parameter and its uncertainty
is the observable actually used for discriminating tracks from secondary decays. Both
the track impact parameter and its uncertainty are represented in figure 3.12 for real
data as well as for simulated events. The most elementary b jet identification algorithm
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Figure 3.12: Distribution of the impact parameter (left) and of the impact parameter
uncertainty (right) for tracks in real data (black dots) and in simulated
events [100]. The tracks from simulated events are categorized on top
on the flavour of the jet corresponding jet: b jets (red), b jets from
gluon splitting (light blue), c jets (green) and light jets (dark blue).
is called Track Counting (TC) and is based upon the observation that light flavour jets
are very unlikely to contain more than one track with high impact parameter signifi-
cance. The tracks are then sorted in order of descending impact parameter significance.
A b jet is tagged when the impact parameter significance of the second or third track
is above a certain threshold. The choice of the second or of the third track as a dis-
criminator depends on the aim of favouring efficiency (Track Counting High Efficiency,
TCHE) or sample purity (Track Counting High Purity, TCHP) respectively. The TC
algorithm can be extended in order to exploit the impact parameter of more than one
track per jet. The Jet Probability (JP) algorithm is based upon the likelihood that all
the tracks within the jet are associated to the primary vertex. Such a probability is
calculated from the impact parameter significance. A slightly different variation of the
JP algorithm is called the Jet B Probability (JBP) algorithm, where the computation
of the likelihood is limited to the four tracks with highest impact parameter within the
jet. This choice is based upon the observation that this is the average multiplicity of
tracks associated to the secondary vertex of a B decay. The distributions for the TCHE
and the JP algorithm discriminators is reported in figure 3.13.
3.5.3 Secondary vertex b-tagging
The discrimination of heavy flavour jets with secondary vertices is based on simple
observables related to the reconstructed secondary vertex within the jet: the flight dis-
tance between the primary and the secondary decay vertex, its direction, the secondary
vertex mass and the multiplicity of tracks associated to the secondary vertex. The sec-
ondary vertex mass is computed by assuming that the mass of all the associated tracks
is equal to the mass of the pion. Secondary vertex candidates are selected with the
following criteria with the aim of enhancing the purity of the sample:
• secondary vertices must share less than 65% of the associated tracks with the
primary vertex;
• the flight distance significance in the transverse plane with respect to the beam
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Figure 3.13: The distribution of the THCE (left plot) and of the JP (right plot)
discriminators as a function of the jet pT [100]. The colour convention
is the same as in figure 3.12.
line has to be greater than 3;
• if the radial distance with respect to the primary vertex greater than 2.5 cm or
the mass compatible with the K0 mass or exceeding 6.5 GeV/c2, the secondary
vertex is rejected in order to reduce the cotamination by vertices corresponding
to the interaction of particles with the detector material or by decays of long-lived
mesons;
• the flight direction has to be within a ∆R < 0.5 cone with respect to the jet
axis. In figure 3.14 the distribution of the two most important observables for
secondary vertex b-tagging, the flight distance and the secondary vertex mass,
are represented.
Figure 3.14: The distribution of the flight distance significance between the primary
vertex and its associated secondary vertices (left plot) and the distri-
bution of the secondary vertex mass (right plot) [100]. The colour
convention is the same as in figure 3.12.
The simplest possible b jet identification is performed by requiring the presence within
a b jet candidate of a secondary vertex with measured flight distance significance above
a certain threshold. This simple algorithm is called Simple Secondary Vertex (SSV)
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and the best efficiency that can be achieved with such an algorithm is limited to the
efficiency for the reconstruction of a secondary vertex, equal to about 65%. At least
two tracks are required for the High Efficiency version of the algorithm (SSVHE), or
at least three tracks for the High Purity version (SSVHP).
The most complex approach integrates the secondary vertex based b-tagging with
track based information when a secondary vertex has not been reconstructed within
the jet, with the aim of achieving the best possible efficiency. This algorithm is called
Combined Secondary Vertex (CSV) [99]. Events are categorized as having a real vertex
when at least one secondary vertex is reconstructed within the jet. Even if no vertex
is actually identified by the vertex fit, two or more tracks with impact parameter
significance greater than 2 can be combined and discriminated with similar criteria as
for the secondary vertex; these events are categorized as having a “pseudo vertex”.
In cases where a pseudo vertex cannot be selected, the identification of the b jet is
attempted with track only information applying very similar criteria as implemented
in the JBP algorithm; this category is called “no vertex”. The actual discrimination is
performed on a likelihood function built with the following variables:
• the vertex category (real, pseudo or no vertex);
• the flight distance significance;
• the vertex mass;
• the track multiplicity of the secondary vertex;
• the energy ratio between secondary vertex tracks and the tracks of the jet;
• the pseudorapidity of vertex tracks with respect to the jet axis;
• the impact parameter of the first track that raises the invariant mass of the
secondary vertex above the c quark mass (∼ 1.5 GeV);
• jet track multiplicity;
• the impact parameter significance of all the jet tracks.
In the case of “no vertex” jets, only the last two variables are exploited, which is
equivalent to a JBP discrimination. In figure 3.15 the distribution of the number of
secondary vertices and of the CSV discriminator is represented.
3.5.4 Efficiency of the b-tagging
Different working points can be defined for each b-tagging algorithm by tweaking the
corresponding discriminator thresholds. Three different working points have been tuned
on simulated samples of events in order to reach a rate of misidentification of light
jets as b jets of the 10%, 1% and 0.1% respectively; these working points are named
“loose”, “medium” and “tight” correspondingly. The best algorithm is of course the one
providing the highest b-tagging efficiency for a given working point, or misidentification
rate. The b-tagging efficiency as a function of the misidentification rate is reported in
figure 3.16 for all the algorithms described so far. These results are based on simulated
samples of events. For a loose selection, the algorithm yielding the highest efficiency is
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Figure 3.15: The number of secondary vertices per jet (left plot) and the distribution
of the CSV discriminator (right plot) [100]. The colour convention is
the same as in figure 3.12.
Figure 3.16: Performance of the b-tagging algorithms in simulation [99]. The x axis
represents the b-tagging efficiency, the y axis represents the rate of
misidentification for light jets (left plot) and for c jets (right plots).
the JBP algorithm. The advantage of secondary vertex information becomes important
when a lower misidentification rate is required and the CSV algorithm consequently has
the best performance for the medium and tight working points. In this analysis a very
high purity of the sample of selected b jets is required and thus the CSV algorithm has
been used for b identification with a tight working point (CSVT). This selection has
a low misidentification rate of the order of 0.1% while providing a b-tagging efficiency
higher than 50% across the kinematical range of the jets selected in the analysis. These
efficiency values have been tested on simulated samples to be stable against a less then
ideal alignment of the tracking system and a different number of pileup interactions in
the event, thanks to the high quality requirements for the tracks and the association
between tracks and secondary vertices. The impact of high pileup on the b-tagging
performance is illustrated in figure 3.17.
Possible discrepancies may arise between simulation and real data on the b-tagging
efficiency of b jets, as well as on the misidentification rate of light jets. Several techniques
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Figure 3.17: The performance of track based b-tagging (THCP, left plot) and of sec-
ondary vertex based b-tagging (SSVHP, right plot) is simulated for two
different pileup scenarios in order to test the stability of the algorithms
with respect to the pileup effects [99]. The black dots correspond to
a situation where no pileup is present. Red dots correspond to events
with a number of additional primary vertices ranging between 12 and
16.
have been implemented in order to measure directly on data the b-tagging efficiency and
misidentification rate for all the discriminators described so far. Residual discrepancies
between data and Monte Carlo are taken into account by computing a set of scale
factors to be applied to the simulated events in order to correctly reproduce the data.
b-tagging efficiency scale factors are defined as the ratio between the measured efficiency
of b-tagging on data, ϵdatab , and the efficiency on simulated samples, ϵ
MC
b :
SFb =
ϵdatab
ϵMCb
.
The challenge of measuring the b-tagging efficiency on data consists in isolating a rea-
sonably clean sample of b jets with selection criteria that are weakly correlated, if not
correlated at all, with the discriminator whose efficiency has to be measured; the in-
evitable background to the sample of b jets has to be evaluated, usually in simulation,
and subtracted along with the systematics associated to this procedure. This measure-
ment can be performed on inclusive samples of jets by selecting jets containing at least
one reconstructed muon within a ∆R < 0.4 cone from the jet axis. The poor isolation
of these leptons explains the choice of muons for this kind of analysis, given the easier
muon identification under such conditions. The presence of a muon inside the jet is
with good probability due to the semileptonic decay of a B hadron, given the the high
branching ratio of B semileptonic decays (∼ 10% for the muon decay channel, and
∼ 20% when including b → c → d cascades). Further selection criteria are applied to
the muon on its track impact parameter and kinematics with the aim of enhancing the
discrimination power in different ranges of pT of the jets. An independent measurement
can be performed on the sample of tt¯ events. It is possible to select a reasonably clean
sample of such events with a simple selection on the number of leptons and jets and
isolated leptons in the event. The branching ratio of the t quark decay to a W + b
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final state is of about 99.8% and can well be approximated to unity for the efficiency
measurement purpose. By combining the results from the independent efficiency mea-
surements on data, the scale factor SFb can be computed; the results show a non
negligible dependence of the b-tagging data-MC scale factor over the b jet pT that can
be parametrized with an analytical expression. Statistical and systematic uncertainties
have been estimated as well as a function of the jet pT . With the same strategy it
is possible to estimate the misidentification ratio of light jets. This measurement is
equivalent to the efficiency measurement of a “negative” b-tagger, that is a b-tagger
with an inverted cut on the b discriminator. For track based algorithms this translates
in the selection of tracks with negative impact parameter, or in the case of secondary
vertex algorithms to the selection of secondary vertices with negative flight distance
significance. The light jet misidentification probability can be considered with good
approximation symmetric to the cut inversion. In practice, a correction factor derived
from simulation is applied to the efficiency of negative taggers in order to obtain the the
misidentification rate. The aim of the correction factor is to take into account second
order effects, mainly from the contribution of heavy flavour jets. The correction factor
to be applied to light jets in simulation is calculated with the following formula:
SFlight =
ϵdatamisid.
ϵMCmisid.
.
The measured values of the scale factor SFlight can be approximated with an analytical
parametrization as a function of the jet pT , as in the case of the SFb scale factor. The
usage of SFb and SFlight scale factors in the analysis is strongly dependent on the
offline selection that is applied to the number of jets per event and to their b-tagging
requirements. Consequently, the actual scale factor for each simulated event computed
with the b-tagging scale factors will be derived in the next chapter, after the event
selection is discussed.
Chapter 4
Selection of W + bb events
In this chapter the structure of the analysis is described in detail and detector level
results are presented. The primary datasets of proton-proton collisions at
√
s = 8 TeV
which have been used for this measurement are described in section 4.1 and the cor-
responding samples of simulated events for the signal and background processes in
section 4.2. The aim of the offline selection implemented for the present analysis is to
select events where a W boson decaying to an electron or muon and a neutrino has
been produced in association with a pair of jets from b quarks. Primarily, a set of
identification criteria is applied to the physics objects in final states, leptons and jets,
in order to further reduce their misidentification rates at reconstruction level. These
identification criteria are described in section 4.3. The actual definition of the final
state and its corresponding kinematic acceptance at detector level are presented in
section 4.4. Residual discrepancies between real data and simulation may be due to
a imperfect description of the lepton reconstruction and identification efficiencies and
of the b-tagging efficiency. A set of scale factors is computed with data driven tech-
niques and applied to the simulated events in order to mitigate these discrepancies.
This procedure is explained in section 4.5 together with the details of the reweighting
procedure applied to simulated events in order to reproduce the distribution of the
multiplicity of pileup interactions in real data. The last two sections, 4.6 and 4.7, are
dedicated to the estimation and subtraction of all the non negligible backgrounds to
the W + bb events and to the presentation of the distribution of these events for the
most interesting physical observables.
4.1 Primary datasets
The focus of the present analysis is to measure the production cross section ofW bosons
in association with b-jet pairs. AW boson is most easily identified when decaying to an
electron or muon and a neutrino and indeed these are the decay channels exploited in
this measurement. The analysis has been performed on top of the SingleElectron and
SingleMuon primary datasets. These datasets are a subsample of the proton-proton
collisions at the center of mass energy of 8 TeV recorded by CMS during 2012. In
particular, the data stored in the SingleElectron and SingleMuon datasets belong
to events where at least one of the several single lepton HLT trigger paths has fired.
These samples of events correspond to an integrated luminosity of about 20 fb−1: the
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details of the full integrated luminosity of both the datasets, along with the details
of the integrated luminosity for each subsample, can be found in table 4.1. The so-
called 2012A, 2012B, 2012C and 2012D subsamples are associated to the four data
acquisition periods between the three main LHC technical stops in May, July and
September 2012. The data taking conditions have evolved through each technical stops
to a higher instantaneous luminosity and, as a consequence, to a higher number of
pileup interactions. The peak luminosity of 7× 1033 cm−2s−1 has been reached during
the 2012D data taking period. During the whole 2012 data taking period, an average
of 21 pileup interactions per event were produced.
Data sample Luminosity
/SingleMu/Run2012A-22Jan2013-v1/AOD 889 pb−1
/SingleMu/Run2012B-22Jan2013-v1/AOD 4422 pb−1
/SingleMu/Run2012C-22Jan2013-v1/AOD 7137 pb−1
/SingleMu/Run2012D-22Jan2013-v1/AOD 7318 pb−1
/SingleElectron/Run2012A-22Jan2013-v1/AOD 889 pb−1
/SingleElectron/Run2012B-22Jan2013-v1/AOD 4422 pb−1
/SingleElectron/Run2012C-22Jan2013-v1/AOD 7137 pb−1
/SingleElectron/Run2012D-22Jan2013-v1/AOD 7318 pb−1
Total (Certified) L = 19.8 fb−1
Table 4.1: Datasets and corresponding luminosities used in the analysis.
4.1.1 Trigger selection
As already mentioned, the SingleElectron and SingleMuon primary datasets are filled
with events triggered by at least one single lepton HLT trigger path. Several trigger
paths have been implemented in order to select events containing at least one single
isolated lepton and the kinematical and identification cuts applied by each path have
evolved through 2012 data taking in order to accomodate the increasing instantaneous
luminosity and keep the rate of selected events compatible with the data recording
capabilities. As will be described in the next paragraphs, the leptons selected in this
analysis have been matched to one particular trigger path, whose efficiency has been
measured both in simulation and real data and propagated to the cross section mea-
surement. The trigger path with the less demanding kinematical and identification
requirements that has been kept unprescaled during the whole data acquisition has
been chosen. In the case of electrons:
• HLT SingleEle27.
The cuts applied by the selected trigger path consist in a momentum threshold at
pT > 27 GeV, along with some requirements in terms of isolation of the calorimetric
deposits associated to the electron candidate. No selection in pseudorapidity is applied,
the only limit being the calorimeter acceptance (|η| < 2.5). The selected path in the
case of muons is:
• HLT IsoMu24 eta2p1,
where the momentum threshold of this path has been set to pT > 24 GeV along with
a pseudorapidity cut at |η| < 2.1 and an isolation requirement. The set of selections
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applied on top of leptons at trigger level has been considered when applying the offline
selection criteria described later in this chapter. Offline selections have been tuned in
order to be tighter both in kinematical and identification cuts, with the aim of avoiding
any inconsistency between the online and offline selection.
4.2 Monte Carlo samples
The same analysis has been performed on a sample of Monte Carlo generated events
which have undergone the full simulation of the CMS detector with GEANT4, as de-
scribed in section 2.2.7. The W + bb signal process has been simulated with the Mad-
Graph 5.11 [50] generator interfaced with Pythia6 (tuneZ2* ) [52] for the hadroniza-
tion of partons in the final state; the parton distribution function adopted isCTEQ6L [51].
Two different samples of events, both generated with the same setup, have been used
in order to select the W + bb signal process. The first sample consists in events of
associated production of W bosons and hadronic jets (W + jets), with the W bosons
decaying to leptons. This sample is fully inclusive with respect to the hadronic part
of the generated final states and thus has been exploited in order to estimate both
the fraction of events genuinely corresponding to a W + bb event and the fraction of
events where at least one of the jets in the final state is a light (u, d, s or g) quark or
c quark jet misidentified as a b jet by the b-tagging algorithm. The fraction of events
where a W boson has decayed to a τ lepton has been estimated as well in this dataset.
The exact definition of a b jet at generator level will be given in section 4.5.4. The
contribution from b quarks in the final states of this dataset is computed with the
massless 5 flavour scheme (5FS, see chapter 1 for details). The main limitation of the
dataset described above is due to the fact that the cross section for the production of a
W + bb final state is expected to be at least three orders of magnitude smaller than the
inclusive cross section for the production of a W + jets. As a consequence, the sample
of W + bb events is strongly limited in statistics. In order to partially overcome this
problem, the inclusive W + jets sample has been enriched with events from exclusive
samples with higher jet multiplicities. The four additional samples correspond to the
generation, with the same setup, of the following four tree level processes: W + 1jet,
W + 2jets, W + 3jets and W + 4jets. The exclusive samples have been summed to
the inclusive sample after taking into account the integrated luminosity of each sample
and its corresponding cross section, with the aim of achieving a consistent description
of the jet multiplicity in W + jets final states. For the sake of simplicity, the higher
jet multiplicities in the original W + jets inclusive sample have been neglected, given
their very small impact on the statistics of the merged sample.
A second configuration has been used through the analysis in order to obtain a pure
sample of signal W + bb events with better statistics when compared to the sample of
events selected in the W + jets inclusive sample. For this purpose, the same generator
setup has been exploited except for the fact that calculations are based upon the massive
4-flavour scheme (4FS) in this case. The sample ofW+bb events selected on top of these
generated events has been checked to provide a description of the interesting kinematical
distribution of the W + bb system that is consistent within statistical uncertainties to
the one provided by the calculation in the 5-flavour scheme. W+bb events selected from
the 5FS sample have been removed from the final sample for consistency. In all the
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plots presented, unless otherwise specified, the 4FS exclusive sample has been adopted
in order to simulate the signal events.
All the physics processes with a final state that may be misidentified as a W + bb
final state have been included in the generation process:
• tt¯: it has been generated with the MadGraph generator setup both in the fully
leptonic and semi-leptonic decay channels;
• single t: the contribution from the production of a single t quark or t¯ quark has
been estimated in the s-channel, t-channel and tW− (t¯W+) production modes
with events generated by the powheg generator [57] interfaced with Pythia6
(tuneZ2* );
• Drell-Yan (Z/γ ∗+jets): these events have been generated with theMadGraph
setup already described;
• WW ,WZ and ZZ: the contribution from di-boson events is small when compared
to the above processes and has been estimated directly with Pythia6.
The Monte Carlo samples used in this analysis, both for the simulation of the
signal and of the background processes, are summarized in in table 4.2 along with
the corresponding number of generated events. Each sample has been rescaled to the
integrated luminosity of the data with a correction factor calculated with the following
simple prescription:
cnorm =
LDATA × σMC
NMC
,
with σMC being the cross section for the particular process and NMC the corresponding
number of generated events. The theoretical prediction for the cross section σMC of
each simulated process is reported in table 4.3. These cross sections, used to rescale the
generated samples, represent the best available estimates for every process and have
been calculated taking into account higher order corrections with respect to the setup
used for generating the events. The only exception to this procedure is represented
by the tt¯ full and semi leptonic samples, which have been rescaled to the combination
of the latest cross section measurement from the CMS and ATLAS experiments at√
s = 8 TeV [103]. The experimental cross section, being inclusive with respect to the
tt¯ decay modes, has been rescaled by the branching ratio corresponding to each process.
4.3 Offline selection
Here, a set of additional selections performed on the reconstructed objects of theW+bb
final state in the offline analysis is presented. These offline selections are applied to
muons, electrons and jets. In the case of leptons, a set of selection criteria is already
applied at trigger level; as described at the beginning of this chapter, isolated leptons
are in fact exploited in order to trigger the events in the datasets used for this analysis.
A second set of selections is applied at reconstruction level, when looking for certain
combinations of signals in the subdetectors on top of which initiating the lepton recon-
struction algorithms. The guiding principle of selection criteria both at trigger and at
reconstruction level is to achieve the highest possible efficiency, at the price of higher
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Process Generator: Nevents
W+jets 5FS MadGraph 57709905
W+1 jet 5FS MadGraph 23141598
W+2 jets 5FS MadGraph 34044921
W+3 jets 5FS MadGraph 15539503
W+4 jets 5FS MadGraph 13382803
W + bb¯ 4FS MadGraph 20646001
tt¯ Full leptonic MadGraph 24963676
tt¯ Semi leptonic MadGraph 12011428
t t-channel powheg 3758227
t s-channel powheg 259961
t tW-channel powheg 493460
t¯ t-channel powheg 1935072
t¯ s-channel powheg 139974
t¯ tW-channel powheg 493460
Z + jets MadGraph 30459503
WW Pythia 10000431
WZ Pythia 10000283
ZZ Pythia 9799908
Table 4.2: Simulated samples used in the analysis.
misidentification rates. In light of this fact, the offline selections are tuned depending
on the needs of the particular physics analysis in terms of background rejection. The
sample of selectedW+bb events has a strong contamination from background processes
and thus the tightest quality requirements have been applied during the selection of
leptons in the final states, together with the rejection of particular event topologies as
will be described in section 4.4. Given the non negligible impact of these selections
on the final yield of events, the measurement of their corresponding efficiencies will be
discussed in detail in section 4.5.2.
4.3.1 Muons
The following requirements are applied on top of reconstructed muons in order to
enhance the purity of the selected sample. The first two items of the list are redundant
with respect to the selections already applied at trigger and reconstruction level, and
aim at avoiding inconsistencies when estimating selection efficiencies:
• the muon is required to be a global muon, meaning that it needs to have a track
from the inner tracking system associated to a track reconstructed in the external
muon system, and it is required to pass all the identification requirements at PF
reconstruction level;
• muon segments must be reconstructed in at least two muon stations;
• the χ2/ndof of the global track must be smaller than 10;
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Process σ[pb] O(α2S) Generator
W → lν (incl.) 5FS 36703 NNLO FEWZ
W + bb¯ 4FS 138.9 NLO aMC@NLO
tt¯ Full leptonic 240.6×BR DATA -
tt¯ Semi leptonic 240.6×BR DATA -
t t-channel 46.4 NLO Hathor 2.1
t s-channel 3.97 NNLO [104]
t tW-channel 11.1 NNLO [104]
t¯ t-channel 30.7 NLO Hathor 2.1
t¯ s-channel 1.76 NNLO [104]
t¯ tW-channel 11.1 NNLO [104]
Z + jets 3532 NNLO FEWZ
WW 54.838 NLO MCFM 6.6
WZ 33.21 NLO MCFM 6.6
ZZ 8.059 NLO MCFM 6.6
Table 4.3: The theoretical cross section for each simulated process in the analysis.
The only exception is the tt¯ sample, which has been rescaled to the combi-
nation of the latest ATLAS and CMS measurements at
√
s = 8 TeV [103].
• at least one good muon chamber hit must be included in the global muon track
fit;
• the transverse and the longitudinal impact parameter of the inner track, dxy and
dz, as calculated with respect to the primary vertex, are required to satisfy the
cuts: |dxy| < 0.2 cm, |dz| < 0.5 cm;
• the inner track of the muon must have more than 5 associated hits in the silicon
strip tracker and at least 1 hit in the pixel detector.
This set of tight quality requirements for muons is labelled as muon TightID. A second
set of looser criteria is defined and adopted in order to reject events where more than
one lepton has been reconstructed and consists in the first two items of the TightID
prescription. This second set of selections replicates the trigger and reconstruction level
selections and is generally referred to as muon LooseID and its usage in the analysis
will be clear in the next paragraphs.
In addition to the set of cuts on identification variables described above, muons
are required to be isolated within the detector. The presence of tracks or calorimetric
deposits next to a reconstructed muon, and in general to a lepton, is an indication that
the lepton itself descends with good probability from the hadronization process of a
parton from the hard scattering. This is the case, for example, of leptons produced
in the semileptonic decay of B hadrons within a b jet. The isolation of PF muons is
defined within a cone of radius R = 0.4 around the muon direction by the following
formula:
IPFrel =
ΣpchargedT +max
(
0,ΣEγT + ΣE
neutral
T − 0.5ΣEchargedPUT
)
pmuonT
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with ΣpchargedT the sum of transverse momentum of all the charged PF particles within
the isolation cone originating from the primary vertex of the event, ΣEγT and ΣE
neutral
T
the sum of the energy deposited in the calorimeters by photons and neutral hadrons
within the isolation cone. The isolation term related to charged particles is corrected
from the contribution of pileup interactions thanks to the CHS procedure described
in section 3.3. The same assumption does not hold in the case of the terms including
photons and neutral hadrons contribution to isolation. These terms are corrected for
pileup effects by subtracting the additional term ΣEchargedPUT . This term is the sum of
the transverse momentum of all the charged PF particles from pileup interactions within
the isolation cone; the contribution of photons and neutral hadrons from pileup to the
isolation has been estimated to be equivalent to half of the contribution of charged
particles [105], hence the 0.5 multiplicative factor. This term is generally referred to
as “∆β correction factor” to the PF isolation. The values of the cut on the isolation
LooseISO TightISO
Muon PF isolation (∆β-corr.) < 0.20 0.12
Table 4.4: Muon PF based isolation corrected for pileup effects with the ∆β-
correction with thresholds for loose and tight selection prescriptions.
variable for muons are reported in table 4.4 both for a TightISO prescription to be used
to select the decay lepton of the W boson and for a LooseISO prescription to reject
events with additional reconstructed leptons.
4.3.2 Electrons
The offline selection for PF electrons is performed on three different sets of variables
concerning the identification of reconstructed electrons, their isolation and the rejection
of electrons generated from the conversion of photons interacting with the detector
material.
Identification
The electron identification is performed on the following set of variables describing the
quality of the reconstructed electron:
• ∆η and ∆φ quantify the quality of the spatial matching between the electron
track in the inner tracking system and the associated supercluster in the ECAL
calorimeter;
• σiηiη: the spread of the electron energy deposit along the η direction. The spread
due to radiative energy loss is concentrated along the φ direction as a consequence
of the magnetic field configuration and thus an isolated electron is expected to
have a small energy spread along η;
• H/E: the fraction of energy deposited in the hadron calorimeter and in the elec-
tromagnetic calorimeter. The electromagnetic shower produced by an electron is
fully absorbed within the ECAL and this ratio is expected to be small;
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• d0 and dZ are the transverse and longitudinal impact parameters of the electron
track and are exploited to reject electrons not originated from the primary vertex
of the event;
• |1/E−1/p|: the energy measured in the calorimeter and the momentum measured
by the tracking system need to be consistent within certain limits.
Isolation
The isolation of PF electrons within the detector shares the same purpose and the same
problems as the isolation definition in the case of muons, described in the previous
paragraph, and its definition is identical for both the lepton species. The electron
isolation is defined within a cone of radius R = 0.3 around the electron trajectory. The
∆β correction term is applied as well in order to correct for pileup effects.
Conversion rejection
The rejection of electrons generated from the conversion of photons interacting with
the detector material is performed by computing the probability of the track fit when
including the primary vertex in the track itself. The probability is expected to be very
low for electrons non originating from the primary vertex of the event. In addition, the
electron is rejected when the associated track in the inner tracking system has a certain
number of missing hits in the innermost layers of the pixel detector, corresponding to
the nearest region to the beam interaction point: the tracks of electrons from photon
conversions have a higher probability to begin in the later tracker layers, after a certain
amount of material has been crossed.
In table 4.5 the identification, isolation and conversion rejection variables cuts for
PF electrons detected in the ECAL barrel are reported, both for a tight and a loose
selection prescription. As in the offline selection of muons, the tight prescription is
adopted when selecting the decay electron of a W boson, while the loose selection is
exploited to reject events with additional reconstructed leptons. The corresponding
thresholds for electrons detected in the ECAL endcaps are listed in table 4.6.
4.3.3 Jets
A loose set of identification criteria is applied to PF jets as well, in order to reject fake
jets resulting from the clusterization of detector noise. The PF algorithm makes this
task straightforward and the rejection is performed with a set of requirements on the
composition of the clustered jets. In particular, jets are required to be composed of at
least two PF candidate particles and at least one of them to be a charged particle.
4.4 W + bb events
In this section theW +bb final state is defined along with the detector level kinematical
phase space in which the final state is selected. A reconstructed lepton is required to be
present in selected events, with transverse momentum pT > 30 GeV and pseudorapidity
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|η| < 1.479 Loose Tight
|∆η| < 0.007 0.004
|∆φ| < 0.15 0.03
σ(iηiη) < 0.01 0.01
H/E < 0.12 0.12
|1/E − 1/p| < 0.05 0.05
|d0| < 0.02 cm 0.02 cm
|dZ | < 0.2 cm 0.1 cm
PF Rel. Isolation < 0.15 0.10
Vert. fit probability 10−6 10−6
Missing hits ≤ 1 0
Table 4.5: Identification, isolation and rejection of converted photons variables for
PF electrons with the corresponding threshold values for the TightID and
LooseID selection criteria in the ECAL barrel (|η| < 1.479).
|η| > 1.479 Loose Tight
|∆η| < 0.009 0.005
|∆φ| < 0.10 0.02
σ(iηiη) < 0.03 0.03
H/E < 0.10 0.10
|1/E − 1/p| < 0.05 0.05
|d0| < 0.02 cm 0.02 cm
|dZ | < 0.2 cm 0.1 cm
PF Rel. Isolation < 0.15 0.10
Vert. fit probability 10−6 10−6
Missing hits ≤ 1 0
Table 4.6: Identification, isolation and rejection of converted photons variables for
PF electrons with the corresponding threshold values for the TightID and
LooseID selection criteria in the ECAL endcaps (|η| > 1.479).
|η| < 2.1. In the particular case of electrons the pseudorapidity range 1.4442 < |η| <
1.566, corresponding to the gap between the barrel and the endcaps of the ECAL, is
further excluded. The selected lepton needs to satisfy the set of tight isolation and
identification (TightID, TightISO) requirements described in the previous section. The
lepton transverse momentum threshold at pT > 30 GeV is imposed by the trigger
selection thresholds at 27 GeV and 24 GeV for electrons and muons respectively: both
the selected electron or muon are in fact required to be triggered by the SingleElectron
and SingleMuon trigger paths (described in section 4.1) respectively. Equivalently,
the pseudorapidity range |η| < 2.1 corresponds to the region where the best muon
reconstruction performance is achieved. These kinematical cuts have been chosen to be
symmetric for the two lepton species in order to statistically combine the cross section
measurements in the two independent channels. The selection of a final state with one
isolated lepton is meant to tag the visible part of the decay of a W boson.
The contribution from events where a Z boson, a pair of vector bosons or a tt¯ quark
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pair is produced has been reduced by rejecting events with an additional reconstructed
lepton. Looser requirements are applied to the additional leptons to be vetoed: trans-
verse momentum pT > 10 GeV; pseudorapidity |η| < 2.4, corresponding to the accep-
tance of the tracking system; LooseID, LooseISO identification and isolation require-
ments. A single lepton final state may be faked as well by multijet events (QCD) where
a lepton has been produced in the hadronization process of a jet and misidentified as
an isolated lepton from the primary vertex. The rate of this kind of misidentification is
very low, but, given the cross section disparity of several orders of magnitudes in favour
of multijet events, the contribution from QCD is not negligible, and has been estimated
using the data driven technique described in section 4.6.1. In order to reduce such a
background contribution, a threshold on the transverse mass mT of the W boson at
mT > 45 GeV has been applied. The transverse mass is computed as a function of
the transverse momentum of the lepton and of the neutrino from the decay of the W ;
the transverse momentum of the neutrino is assumed to be equal to missing transverse
momentum E⃗missT in the event:
mT(p
lepton
T , E⃗
miss
T ) =
√
2pleptonT E
miss
T (1− cos∆φ),
with ∆φ the polar distance between the transverse momenta. The missing transverse
momentum in multijet events is virtually null and hence the mT variable has a good
discriminating power against QCD background processes. More quantitative arguments
in favour of the choice of the mT variable will be described in section 4.6.1.
Events are selected where two PF jets have been clustered with the anti-kt algorithm
(size parameter R = 0.5) in the tracker acceptance (|η| < 2.4) and with transverse
momentum pT > 25 GeV. Reconstructed jets with a distance R < 0.5 with respect to
a reconstructed and isolated lepton are rejected, in order to exclude leptons clustered
as jets. Both the jets are required to satisfy a CSV tight b-tagging requirement (CSV
discriminator > 0.898, see section 3.5 for details). Events with additional jets are
rejected. The purpose of this extra-jet veto is to control the amount of contamination
from tt¯ quark pair processes. The tt¯ production is the most relevant contribution to
the background in the present analysis and it becomes the dominant process in events
with an associated jet multiplicity greater the 2. A dedicated study in a separate
control region for the tt¯ process will be described in section 4.6.2. In addition to these
selections, events are rejected if any jet is reconstructed in the forward region of the
detector at pseudorapidity |η| > 2.4. Such a forward jet veto is expected to reduce
the contribution from the production of single t quarks: the topology of these events is
characterized by the emission of a forward jet in the s-channel production mode.
4.5 Monte Carlo reweighting and selection efficiency
All the known sources of discrepancy between data and Monte Carlo simulation have
been taken into account in this section, and the measurement of a set of ad-hoc weights
or scaling factors to be applied on an event-by-event basis will be described with the
aim of obtaining a consistent description of real data in simulation.
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4.5.1 Pileup multiplicity
As already described in section 2.2.7, the number of pileup interactions per event is
strongly dependent on the operating conditions of the LHC colliding beams of protons.
This contribution can be split into the fraction of collisions between protons belonging
to the colliding bunches (in-time pileup) and between protons belonging to the tails
of bunches adjacent to the colliding ones (out-of-time pileup). During the 2012 ac-
quisition period, an average of 21 pileup interactions per event were produced, with a
peak of 78 reconstructed pileup vertices registered in the 2012D dataset. A graphical
reconstruction of such a harsh pileup condition is represented in picture 4.1.
Figure 4.1: Graphical reconstruction of an event with a record number of 78 recon-
structed interaction vertices.
The pileup regime has evolved during the data taking in a way that was not known a
priori with sufficient detail. As a consequence, the simulated events have been generated
with a distribution of the number of pileup interactions that can be easily reweighted
in order to obtain the actual pileup distribution in real data. In order to achieve this
result, an event-by-event weight has been calculated, starting from the minimum bias
cross section together with the instantaneous luminosity for each bunch crossing, as
the ratio between the observed number of pile-up events in data and in simulation:
wPU (i) =
Ndata(i)
NMC(i).
The pile-up events distribution in data is calculated by the convolution of the bunch
crossing instantaneous luminosity and the total inelastic pp cross section. In fig-
ure 4.2 the distribution of the number of reconstructed vertices is compared in the
2012 SingleMuon dataset and in simulation before and after the pileup reweighting
procedure, showing that the simulation achieves an acceptable degree of agreement
with respect to the real data pileup conditions after the application of the weights.
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Figure 4.2: The distribution of the number of reconstructed vertices in simulation
is compared against the reconstructed number of vertices in real data
(black dots) before and after the pileup reweighting procedure, in the
left and right plots respectively.
4.5.2 Lepton efficiency
Leptons have been exploited to trigger the events in the datasets for this analysis and to
tag the final state of a W boson decay. In these steps several quality requirements have
been applied on top of the reconstructed leptons, as described earlier in this chapter.
Selection criteria are applied as well at reconstruction level, as described in the previous
chapter. The overall efficiency related to these lepton selection requirements plays a
leading role in the global efficiency with which W + bb events are selected within the
defined kinematical phase space. This efficiency has been measured with a data driven
technique, generally referred to as “Tag&Probe” method. The Tag&Probe exploits
the kinematical properties of the Z boson decay in order to provide an estimate of
selection efficiencies independent from simulation. A sample of Z boson decays is
tagged by selecting events with one isolated lepton and compatible with tight isolation
and identification requirements. The focus of this tag lepton selection is to avoid any
possible bias on the identification of additional leptons in the event, that would prevent
an accurate efficiency measurement. The actual efficiency measurement is performed on
top of the second decay lepton of the Z, called the probe; probes are selected with the
minimum possible set of requirements, which corresponds to a ECAL supercluster in
the case of electron efficiency or to a reconstructed track in the case of muon efficiency.
The efficiency is computed with the following simple relation:
ϵ =
Nprobespassing
Nprobespassing +N
probes
failing
.
Both the samples of probes that pass or fail the selection contain a fraction of back-
ground events where a Z boson has not been really produced. The fraction of back-
ground to both the samples is subtracted by means of an extended Maximum-Likelihood
fit to the invariant mass of the tag and probe leptons around the Z mass value. The sig-
nal fraction is parametrized by the convolution of a Z generator shape and a Gaussian
spread function taking into account the response of the detector, while the background
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is parametrized with several combinations of exponential and polynomial functions de-
pending on the kinematical configuration of the tag and probe lepton pair: the efficiency
is measured in fact as a function of the probe lepton transverse momentum and pseu-
dorapidity. To a smaller extent, lepton efficiencies depend on the jet multiplicity and
number of pileup interactions in the event as well; these dependencies have not been
taken into account, since they have been found to be negligible within the statistical
uncertainties on the measured efficiency. In figure 4.3 an example of a Tag&Probe fit
is shown.
Figure 4.3: Example of a Tag&Probe fit. In green and red the fit to the invariant
mass distribution of the tag and probe lepton pairs for the distribution of
the probes respectively passing and failing the selection criterium from
which the efficiency is to be measured. In blue the final simultaneous fit
on the global distribution in order to compute the efficiency.
In this particular analysis the efficiency of trigger, reconstruction and offline selec-
tion has been separately measured for electrons and muons both in data and in Monte
Carlo events. From these efficiencies, a set of Monte Carlo scale factors has been derived
as a function of the lepton transverse momentum and pseudorapidity:
SFHLT, reco, offline ID/ISO(pT , η) =
ϵdataHLT, reco, offline ID/ISO
ϵMCHLT, reco, offline ID/ISO
.
These scale factors have been used to reweight simulated events in order obtain a
consistent description of lepton selection effeciencies with respect to real data.
4.5.3 b-tagging efficiency
The b-tagging efficiency is the second most important ingredient to the selection ef-
ficiency of the present analysis, after the lepton selection efficiencies described in the
previous section. The actual measurement and calculation of a set of Monte Carlo scale
factors to make the jet b-tagging efficiency in simulation consistent with data has been
described in detail in section 3.5.4. The usage of these scale factor is strongly dependent
on the number of jets in the final state and the b-tagging requirements applied on top
of these jets. In this analysis two jets are selected and both of them are required to pass
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b-tagging requirements. After carrying out the combinatory logic for this configuration,
the correct Monte Carlo weight is found to be described by the following formula:
w(2|2) = SFb,light(1st jet)× SFb,light(2nd jet).
Since these scale factors are applied to Monte Carlo events, the choice between the
application of the SFb and SFlight scale factor relies on generator level information: as
it will be explained later in the next section, b-jets at generator level are defined as
jets containing at least one B hadron among the jet constituents within a distance of
R = 0.4 from the axis; when a jet is b-tagged at generator level, SFb is used in place of
SFlight.
4.5.4 Selection efficiency
The efficiency of all the selections applied in this analysis is estimated in simulation
within the generator level fiducial region defined by:
• one electron or muon with transverse momentum pT > 30 GeV and pseudorapid-
ity |η| < 2.1;
• exactly two b-jets with transverse momentum pT > 25 GeV and pseudorapidity
|η| < 2.4;
events with additional leptons or jets are rejected. The selected leptons energy has been
corrected by summing the vector four-momenta of all the photons generated within a
cone of radius R = 0.1 around the lepton. This correction is meant to recover the
energy radiated via electroweak final state radiation by leptons produced in the hard
scattering process. Leptons generated from the decay of a B hadron have been rejected,
in order to suppress the contribution from semileptonic b decays. Additionally, events
containing the decay of a W boson to a τ lepton have been rejected as well.
Generator level jets are clustered from the full list of generated stable particles in
the event with the exception of neutrinos. Jets with a distance smaller than R = 0.5
with respect to a lepton are rejected. The definition of a b jet at generator level consists
in the requirement of a B hadron to be present among the jet constituents and within
a cone of radius R = 0.4 with respect to the jet axis. No additional cut is applied on
the transverse mass of the W boson. In this fiducial region, the selection efficiency for
this analysis has been measured to be equal to:
ϵ(W → eν + bb) = (6.99± 1.14) %
ϵ(W → µν + bb) = (8.20± 1.23) %
The measurement has been performed on top of the sample of signal W + bb events
generated with MadGraph in the 4-flavour scheme (see section 4.2 for details) and
the associated uncertainty corresponds to the propagation of statistical uncertainties
on the sample of generated events. The theoretical uncertainty related to the particular
choice of the PDF and of the renormalization and factorization scales have not been
taken into account here: by the time of the writing, no samples were availble for the
W +bb process with different PDF and scale setups. As a reference, the contribution of
PDF and renormalization and factorization scales in the measurement of the selection
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efficiency has been estimated in the previous W + bb analysis performed in CMS on the
sample of proton-proton collisions at 7 TeV [66] and has been found to contribute at
10% of the measured cross section. The leading contribution has been found to come
from the scale variations. These results are in agreement with the study of PDF and
renormalization and factorization scales uncertainty on the the theoretical prediction
which has been performed with MCFM and that will be presented more in detail in
chapter 5.
4.6 Background estimation
In figure 4.4 the transverse mass distribution for events selected with the prescription
described in section 4.4 both in the electron and the muon decay channels of the W
boson is shown. The black dots indicate the events from real data samples. The colored
areas indicate the contribution from simulated signal (light dashed yellow) and back-
ground events, as described in section 4.2. The simulated events have been reweighted
with the set of Monte Carlo scale factors described in the previous paragraphs. The
numerical yields of each contribution are reported in table 4.7.
Sample W → eν + bb W → µν + bb
DATA 5073 5322
W + bb 729.3 872.0
W + c 68.6 74.0
W + light 134.5 138.1
W (→ τν) + bb 15.4 22.6
tt¯ 2028.6 2295.9
Single t 584.9 701.2
WW 92.9 113.4
Z + jets 84.2 129.4
Tot. (MC) 3738.4 4346.6
Table 4.7: Selected number of events with the selections and event-by-event scale
factors described in sections 4.4 and 4.5.
4.6.1 QCD estimation
The contribution from QCD events, shown in green in figure 4.4, has been modelled
in a QCD enriched sample of events in real data. Such a sample has been obtained by
performing on the SingleElectron and SingleMuon datasets a set of selections in every
aspect identical to the one described for signal events, with the following exceptions:
• an anti-isolation requirement is applied when selecting leptons. PF isolation is
required to be Irel > 0.15 in the case of electrons and Irel > 0.20 in the case of
muons, in place of the standard isolation cuts described in tables 4.4, 4.5 and 4.6;
• no matching between selected leptons and single lepton trigger paths is required;
trigger selection includes isolation requirements that would spoil the effect of the
previous anti-isolation cut.
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The transverse mass distribution of the sample of events selected with such requirements
in the case of electrons is shown in figure 4.5, where the black dots represent the data.
The same selection has been performed on all the simulated processes and is repre-
sented in the same plot with the same color conventions as in the signal region distri-
bution: the only visible contribution here comes from tt¯ processes. All the simulated
contributions from the W + bb signal events and from the background processes have
been subtracted from this sample and the resulting shape has been taken as a template
in order to estimate the QCD contribution in the signal region. The normalization
of the multijet sample in the signal region has been initialized to a reasonable value
by performing a fit of the shape on a sideband of the transverse mass distribution
(mT < 20 GeV) in the signal region. The outcome of this fit is shown in figure 4.6.
The QCD contribution has been normalized to the output of this fit on the plot
shown in figure 4.4. The result of such a fit is not to be considered completely reliable
because of the very limited statistics and background contamination, hence the precise
estimate of the QCD contribution has been delegated to a more sophisticated fit proce-
dure (see section 4.6.3) on the full transverse mass distribution meant to estimate the
signal component for the cross section measurement.
4.6.2 Top-antitop control region
The production of tt¯ pairs is by far the predominant background in the selection of
W + bb events and hence a detailed study in two separate control regions has been
dedicated to determining its contribution. The first control region has been obtained
from the signal selection defined in section 4.4 by adding the requirement of an ad-
ditional lepton with opposite flavour: events are selected when one electron and one
muon are identified with transverse momentum pT > 30 GeV, pseudorapidity |η| < 2.1
and tight identification and isolation requirements. Events with additional leptons are
rejected with the same criteria previously described. Jet selection is unchanged. This
“e/µ” selection is particularly efficient with respect to tt¯ fully-leptonic decays and the
transverse mass distribution of the selected events is represented in figure 4.7. The tt¯
component, by far the dominant one, has been fitted to the data and a global scale
parameter has been extracted from the fit procedure with the following results:
ce/µtt¯ (W → eν + bb) = 1.044± 0.031,
ce/µtt¯ (W → µν + bb) = 1.056± 0.031,
in the SingleElectron and SingleMuon primary datasets, respectively, where the as-
sociated uncertainty corresponds to the statistical uncertainty of the fit. The results of
the fit are consistent in the two statistically independent samples and indicate a slight
excess of data events with respect to the simulation, still compatible with the tt¯ cross
section uncertainty.
A second control region has been defined with an alternative selection on the multi-
plicity of jets: events are selected containing at least 3 jets with transverse momentum
pT > 25 GeV and pseudorapidity |η| < 2.4. The two jets with leading transverse mo-
mentum are required to meet CSV tight b-tagging requirements, as in the signal region.
Events are rejected when additional jets with transverse momentum pT > 25 GeV have
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been clustered in the forward region of the detector (2.4 < |η| < 5.0). The selection ap-
plied to leptons is unchanged with respect to the signal selection (sec. 4.4). The strong
predominance of tt¯ events at higher jet multiplicities is especially evident when looking
at the fraction of simulated events as a function of the jet multiplicity in figure 4.8:
this second control sample is more efficient with respect to tt¯ semi-leptonic decays. As
a consequence of the different selection, it is fully uncorrelated from the previous e/µ
control sample. The sample of selected events with this “multi-jet” selection is reported
in figure 4.9. The scaling factors extracted from the fit of the simulated tt¯ sample to
the data are the following:
cmulti−jettt¯ (W → eν + bb) = 1.141± 0.016,
cmulti−jettt¯ (W → µν + bb) = 1.118± 0.013.
The excess of data events with respect to simulation is stronger in the multi-jet control
region and in disagreement with respect to the situation in the e/µ sample. By the
time of the writing, no clear explanation for such a disagreement is available and its
sources are being invstigated. This effect, nevertheless, is most likely due to a detector
systematic effect which is common to the simulated samples selected in the signal region
as well. The multi-jet control sample shares in fact the most similar set of selection cuts
and phase space with the signal selection described in section 4.4. As a consequence,
the cmulti−jettt¯ scale factors have been adopted later in the procedure of signal extraction
in order to correct the selected yield of tt¯ events, as it will be explained in the following
paragraphs.
4.6.3 Transverse mass distribution fit
As has already been noticed in the previous section when looking at the results in
the tt¯ control regions, a certain amount of disagreement between simulation and real
data is to be expected even after the reweighting of the simulated events with the
data/MC efficiency scale factors for the b-tagging and lepton selections. In this section,
an attempt to improve the description of the data is made by calculating a set of global
scale factors for the most important background samples in the signal region from a
fit procedure based on some simple and reliable assumptions. Several fit procedures
have been tried in order to test the stability of the results, and the most interesting
ones will be described in the next paragraphs. The fit is performed on the transverse
mass distribution in the range from 0 to 200 GeV. The transverse mass distribution
has been found to yield the best possible discriminating power between the different
samples and consequently the most stable fit results. This sentence is especially true
in the case of the QCD background. In all the following fit procedures, the QCD
background is treated as a special case and its normalization is left completely floating
and not correlated with the remaining backgrounds. This assumption is justified by
the fact that the estimation of QCD is completely relying on data and the stability of
the fit is granted in any case by the very low shape affinity between the transverse mass
distribution of QCD events and the other samples.
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Uncorrelated top-antitop and W + bb fit
As a starting point, an uncorrelated fit of the W + bb signal and of the tt¯ samples
has been performed by setting their normalizations free to float without any constraint
during the fit, along with the QCD normalization. All other backgrounds have been
kept out of the fitting procedure and their contribution estimated from the simulation
prediction. A scale factor has been derived both for the W + bb contribution:
cW+bb(W → eν + bb) = 1.770± 0.211,
cW+bb(W → µν + bb) = 1.575± 0.163,
and for the tt¯ contributions:
ctt¯(W → eν + bb) = 1.107± 0.064,
ctt¯(W → µν + bb) = 1.136± 0.054.
These results are graphically represented in figure 4.10. The cW+bb does not have any
effect on the cross section measurement. The same is not true for the scale factors of
the background samples, which modify the background contributions to be subtracted
from the data; the formula used to perform the background subtraction and cross
section calculation will be described in the next chapter. As a consequence, cW+bb
has to be regarded solely as an indication of the level of agreement to be expected
between the theoretical and measured cross section. In the case of the the ctt¯, the
results coming from the tt¯ control regions have been deliberately ignored: the results
of the fit are in good agreement with the results coming from the tt¯ multi-jet control
region. Such a behaviour may be explained by the fact that the phase space in which
the tt¯ multi-jet events are defined is most near to the signal definition. Consequently,
in the following results, the cmulti−jettt¯ will be used when constraining the tt¯ contribution
to the results in the control region. This assumption may be biased by the fact that the
other backgrounds are not varied during the fitting procedure. As it can be explained
with the following results, the amount of such a bias is small due the fact that tt¯ is by
far the dominant background and the fit results are stable when introducing additional
degrees of freedom.
Top-antitop constrained fit
In this second example the same kind of fit has been performed after constraining the
tt¯ contribution to the results obtained in the multi-jet control region:
ctt¯(W → eν + bb) = 1.141± 0.016,
ctt¯(W → µν + bb) = 1.118± 0.013.
Not surprisingly, the output of the fitting procedure for the cW+bb scale factor is con-
sistent within the statistical uncertainties with the results from the previous fit:
cW+bb(W → eν + bb) = 1.691± 0.153,
cW+bb(W → µν + bb) = 1.614± 0.118.
The the results are graphically represented in figure 4.11.
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Top-antitop and W + bb correlated fit
Subsequently, a fit has been performed to the transverse mass distribution for the tt¯ and
W + bb samples, with the tt¯ normalization constrained to the measured cross section
reported in table 4.3. The 3.5% uncertainty on the tt¯ cross section has been adopted
to constrain the tt¯ sample. An additional degree of freedom has been added to the
fit by including a common cscale correlating the tt¯ and cW+bb samples and has been
constrained to the values of cmulti−jettt¯ obtained in the tt¯ multi-jet control region:
cscale(W → eν + bb) = 1.141± 0.016,
cscale(W → µν + bb) = 1.118± 0.013,
As expected, the result of the fit for the ctt¯ scale factors is consistent with unity:
ctt¯(W → eν + bb) = 0.991± 0.030,
ctt¯(W → µν + bb) = 1.006± 0.029.
The signal W + bb scale factor has been modified accordingly:
cW+bb(W → eν + bb) = 1.501± 0.154,
cW+bb(W → µν + bb) = 1.432± 0.124.
The results are graphically represented in figure 4.12. The results of this fit are, in
practice, equivalent to the previous results with the only difference in the fact that the
modification of the tt¯ contribution is delegated to the cscale scale parameter that is in
common with the signal sample; as a consequence, the fit converges to a smaller value of
cW+bb, which however does not affect the final cross section measurement. Indeed, this
step aims at demonstrating a correlated general underestimation of data in simulation.
Such a correlation is compatible with a systematic effect in the calibration and selection
of the objects in the selected final state, common to all simulated samples; the jet energy
corrections and the b-tagging efficiency scale factors may provide an explanation for this
effect, since they have a big associated systematic uncertainty which will be described
in the next chapter.
Baseline results
In this paragraph the fitting procedure adopted to estimate the cross section is de-
scribed. In the same fashion as for the previous configuration, the tt¯ normalization is
constrained to its experimental value and uncertainty. The cscale global scale is con-
strained to the results in the tt¯ multi-jet control region:
cscale(W → eν + bb) = 1.141± 0.016,
cscale(W → µν + bb) = 1.118± 0.013,
and it is now correlating the variation of all the simulated samples, with the only
exception being the QCD sample: top-antitop, Single top, the light and c fractions of
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the W+jets sample, the Drell-Yan sample and the di-boson samples. This modification
has the effect of further reducing the W + bb signal strength:
cW+bb(W → eν + bb) = 1.419± 0.173,
cW+bb(W → µν + bb) = 1.351± 0.135,
The results are graphically represented in figure 4.13. The effects of the normalization
scale factors obtained on the fit on the number of selected events is reported in table 4.8,
to be compared with the pre-fit event yields reported in table 4.7. As explained in the
previous paragraphs, the choice of the results obtained in the tt¯ multi-jet control region
for the global scale factor cscale is driven by the fact that the selection cuts and phase
space is most similar between the signal region and the tt¯ multi-jet control region. Since
all the simulated events are selected with the same selection criteria within the same
phase space, such a scale factor has been applied not only to the tt¯ in the signal region,
but to all the the simulated samples except QCD. This choice is consistent with the
assumption that the cscale scale factor describes a systematic effect in the signal region.
Sample W → eν + bb W → µν + bb
DATA 5073 5322
W + bb 1182.2 1316.7
W + c 78.3 82.7
W + light 153.5 154.4
W + (→ τν) + bb 17.5 25.4
tt¯ 2315.1 2566.4
Single t 667.5 783.8
V V 106.0 126.8
Z + jets 96.1 144.7
Tot. (MC) 4616.2 5200.9
Table 4.8: Selected event yields after the baseline fitting procedure described in sec-
tion 4.6.3.
4.7 Detector level distributions
The interesting kinematical observables of the W + bb system are presented here for
the selection described in section 4.4 performed on the data and Monte Carlo samples
listed in section 4.1. The signal component has been selected in the sample of W + bb
generated with MadGraph in the 4-flavour number scheme. The simulated events
have been reweighted with the procedures described in section 4.5, in order to achieve
the best possible agreement with real data. The signal W + bb contribution, along
with the contribution of top-antitop, QCD and Single top background processes, have
been estimated with the baseline fitting procedure described in the previous section
(sec. 4.6.3). The distributions are shown at detector level, meaning that no effort has
been spent in deconvolving the detector response function from the measured distribu-
tions. Results are shown both for the W → eν + bb and for the W → µν + bb. The
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following list includes all the relevant kinematical distribution of the W + bb system
presented here:
• the transverse momentum pT of the first and of the second b-jet in the event, in
order of decreasing pT , are shown in figures 4.14 and 4.15;
• the pseudorapidity η of the first and of the second b-jet, in figures 4.16 and 4.17;
• the pT and η of the di-jet system, defined as the two b-jets four-momentum vector
sum in figures 4.18 and 4.19;
• the transverse momentum pT of the W boson, defined as the vector sum of the
E⃗missT and the pT of the lepton, in figure 4.20;
• the angular distance ∆R in the (φ, η) space between the two b-jets, in figure 4.21;
• the polar angle ∆φ between the two b-jets, in figure 4.22;
• the jet HT observable, defined as the scalar sum of the transverse momentum of
all the jets in the event (HT =
∑
i=jets pT (i)), in figure 4.23;
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Figure 4.4: The transverse mass distribution of events in the signal region for the
electron (top) and muon (bottom) decay channels of the W bosons.
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Figure 4.5: QCD enriched sample of events selected by requiring one anti-isolated
electron. The black dots represent the data, the colored areas represent
the contributions from simulated signal (W+bb) and background events.
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Figure 4.6: The shape of the multijet sample obtained in the dedicated control re-
gion is fitted to the sideband (mT < 20 GeV) of the transverse mass
distribution in the signal region. The output of the fit is used to in-
izialize the normalization of the QCD distribution shape to a reasonable
value. Indeed, the contribution of QCD events is estimated during the
fit procedure described in section 4.6.3.
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Figure 4.7: Sample of data and Monte Carlo events selected in the tt¯ “e/µ” con-
trol region. The results in the electron (left) and muon (right) primary
datasets are reported.
Figure 4.8: The multiplicity of jets in the sample of events selected with the tt¯ multi-
jet selection criteria, described in 4.6.2.
Figure 4.9: Sample of data and Monte Carlo events selected in the tt¯ “multi-jet”
control region. The results in the electron (left) and muon (right) decay
channel are reported.
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Figure 4.10: Results of fit to the tt¯ and W + bb components in the electron (left)
and muon (right) channel.
Figure 4.11: Results of fit to theW+bb component with tt¯ constrained to the results
in the multi-jet control region. Electron (left) and muon (right) decay
channel.
Figure 4.12: Results of fit to the tt¯ and W + bb components correlated by a common
scale factor. The tt¯ is constrained to the results in the multi-jet control
region. Electron (left) and muon (right) channel.
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Figure 4.13: Results of fit to the tt¯,W+bb,W+light, Single t and di-boson samples,
correlated by a common scale factor. The tt¯ is constrained to the results
in the multi-jet control region. Electron (top) and muon (bottom)
channel.
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Figure 4.14: Spectrum of the most energetic b-jet pT . The electron decay channel is
on the top plot, the muon decay channel on the bottom.
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Figure 4.15: Spectrum of the second b-jet pT . The electron decay channel is on the
top plot, the muon decay channel on the bottom.
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Figure 4.16: Pseudorapidity of the most energetic b-jet. The electron decay channel
is on the top plot, the muon decay channel on the bottom.
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Figure 4.17: Pseudorapidity of the second b-jet. The electron decay channel is on
the top plot, the muon decay channel on the bottom.
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Figure 4.18: The pT of the four-vector sum of the two b-jets in the event. The
electron decay channel is on the top plot, the muon decay channel on
the bottom.
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Figure 4.19: The pseudorapidity of the four-vector sum of the two jets in the event.
The electron decay channel is on the top plot, the muon decay channel
on the bottom.
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Figure 4.20: The pT of the W boson. The electron decay channel is on the top plot,
the muon decay channel on the bottom.
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Figure 4.21: The angular distance ∆R between the two b-jets in the event. The
electron decay channel is on the top plot, the muon decay channel on
the bottom.
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Figure 4.22: The azimuthal distance ∆φ between the two b-jets in the event. The
electron decay channel is on the top plot, the muon decay channel on
the bottom.
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Figure 4.23: The jet HT of the event, defined as the scalar sum of the pT of all the
jets in the event. The electron decay channel is on the top plot, the
muon decay channel on the bottom.
Chapter 5
Cross section measurement
In this chapter the final results of the inclusive cross section measurement are presented.
The cross section has been measured with the following simple formula:
σ(W → lν + bb) = Ntotal −Nbackground
ϵL ,
where Ntotal−Nbackground is the difference between the total number of events selected
in data with the set of selections described in section 4.4 and the number of back-
ground events estimated with the technique described in section 4.6.3. The efficiency
for selecting events, ϵ, has been estimated in simulation (see section 4.5.4 for details).
The first section of the present chapter deals with the estimate of all the experimental
uncertainties that may lead to a systematic effect in the measured cross section. In
the second section, the measured inclusive cross sections will be shown and compared
to the most accurate theoretical prediction. Here, the technique adopted in order to
combine the results in the two separate leptonic decay channels will be described as
well. Eventually, in the third section, an interpretation of the measurement will be
given and future perspective for this analysis evaluated.
5.1 Systematic and statistic uncertainties
The systematic sources of uncertainty are essentially divided into five categories:
1. jet energy corrections and resolution;
2. lepton selection data/MC scale factors;
3. b-tagging scale factors;
4. background subtraction;
5. integrated luminosity measurement and pile-up reweighting procedure.
Jet energy corrections and resolution
Jet energy correction uncertainties affect the jet energy measurement and are associated
to the L1, L2, L3 and residual corrections described in section 3.3. The overall effect
is propagated by adding in quadrature the individual contributions to the uncertainty,
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as evaluated in dedicated studies [94]. The systematic effect due to the application of
each type of JEC is estimated by comparing the final yield of selected events obtained
using the standard JEC and its variations by plus or minus one standard deviation. By
performing this measurement, the JEC uncertainty has been found to contribute for
15% and 18%, respectively in the electron and muon channel, of the total cross section.
In a very similar fashion, the systematic uncertainty related to the jet energy res-
olution scaling factors described in section 3.3.2 is estimated by comparing the final
number of selected events using the standard JER correction and its variations. The
JEC uncertainty has been estimated to be of 5.5% and 3.5% in the electron and muon
channel respectively.
Lepton selection scale factors
The contribution to the systematic uncertainty from the lepton selection scale factor
measured with the Tag&Probe technique described in section 4.5.2 is estimated with
the same technique used for the JEC and JER systematics: the final number of events
is estimated with two different sets of scale factors obtained by adding and subtracting
their associated experimental uncertainty. The uncertainty on the lepton efficiency
scale factor has been found to contribute for 1.5% (electron channel) and 2% (muon
channel) to the cross section measurement.
b-tagging scale factors
The uncertainty on the data driven b-tagging scale factors measurement comes mainly
from pileup effects, from the the modelling of the b fragmentation function and of the
gluon splitting phenomenon, and from the effects of the kinematical cuts applied during
the selection of µ+ jets events [100]. The b-tagging efficiency scale factors contribute
for 6% of the total cross section to the systematic uncertainty in both the leptonic
decay channels.
Background subtraction
The systematic uncertainty on the background subtraction procedure results from the
theoretical uncertainty on the cross sections used to rescale the simulated background
samples and from the uncertainty of the fit procedure for the estimate of the background
scale parameters described in section 4.6.3. All these uncertainty contribute for 12% of
the total cross section both in the electron and muon decay channels.
Integrated luminosity and pile-up reweighting
The measurement of the integrated luminosity [106] of the data recorded by CMS in
2012 has an associated uncertainty of about 2.6% that affects the global uncertainty and
has thus been taken into account. The systematic uncertainty coming from the pile-up
reweighting procedure is the propagation of the uncertainty on the total inelastic cross
section as estimated in simulation and on the measured luminosity of the data sample.
Its contribution has been estimated by modifying the minimum bias cross section by
±5% and propagating the effects through the pileup reweighting procedure and the final
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results. The corresponding uncertainty has been found to be 4% and 5%, respectively,
in the electron and muon channels.
Statistic uncertainties
The following sources of statistical uncertainty have been taken into account:
• the statistic uncertainty associated to the selected data sample,
• the statistic uncertainty related to the simulated background samples used to
perform the background subtraction;
• the statistic uncertainty on the efficiency measurement (see section 4.5.4 for de-
tails);
• the statistic uncertainties on the ctt¯, cQCD and cscale scale factors evaluated with
the background subtraction fit procedure described in section 4.6.3.
All these uncertainties have been summed in quadrature, yielding a global statistic
uncertainty of about 11% and 10%, respectively, in the electron and muon channels.
Breakdown of the uncertainties
All the contributions to the systematic uncertainty described in this section are con-
sidered to be uncorrelated and summed in quadrature. The detailed breakdown of
the systematic and statistic uncertainties on the measured cross section is presented in
table 5.1.
Source W → eν + bb W → µν + bb
JEC 15.0% 18.0%
JER 5.5% 3.5%
Lepton SF 1.5% 2.0%
b-tagging SF 6.0% 6.0%
Background subtr. 12.1% 12.4%
Pileup 4.0% 5.0%
Lumi 2.6% 2.6%
Statistic 10.9% 9.5%
Table 5.1: Breakdown of the sources of systematic and statistic uncertainty.
5.2 Inclusive cross section measurement
In this section the results of the cross section measurement are presented. As described
in detail in section 4.5.4, the cross section measurement has been performed in the
particle level fiducial region represented by one lepton with transverse momentum pT >
30 GeV and pseudorapidity |η| < 2.1, exactly two b-jets with transverse momentum
pT > 25 GeV and pseudorapidity |η| < 2.4. Electrons and muons from B hadron and τ
decays have been rejected, or otherwise corrected for final state radiation by summing
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the four-momenta of photons in a a cone of radius R = 0.1 around the lepton. Jets
have been clustered from the full list of generated particles except neutrinos; jets with
a distance R < 0.5 from a lepton have been rejected. At generator level, b-jets are
tagged when at least one of the clustered particles results from a B hadron and within
a cone of radius R = 0.5 from the jet axis.
5.2.1 Theoretical prediction
The expected theoretical cross section in the phase space described above has been
calculated with mcfm 6.8 [108] in the massless 5-flavour scheme (see section 1.3 for
details) at NLO precision with the MSTW2008NNLO [109] parton density function
and the renormalization and factorization scales set to the mass of the W . The result
of this calculation is the following:
σTH(W → lν + bb) = 0.552± 0.001(stat.)± 0.005(PDF )± 0.027(scale) pb.
The contributions to the uncertainty associated to this result correspond to the statisti-
cal uncertainty of the integration step of the calculation and to the uncertainties related
to the particular PDF and renormalizationa and factorization choices. The PDF and
scale uncertainties have been estimated by performing the computation with different
PDF sets and by modifyng the renormalization and factorization scales by a factor 2
with respect to the reference values (mW ). This risult is consistent with a parton level
final state: no effect is taken into account for the hadronization process of the quarks
in the final state. Such an effect has been computed with MadGraph+Pythia and
has been applied to the theoretical cross section as a multiplicative factor:
chadronization = 0.92± 0.01.
The theoretical cross section at hadron level is:
σTH(W → lν + bb) = 0.51± 0.03 pb,
where all the contributions to the theoretical uncertainty have been summed in quadra-
ture.
5.2.2 Double parton scattering
The contribution from double parton scattering (DPS) has been estimated with the
formula (see section 1.2.4 for details):
σDPS =
σW × σbb
σeff
.
The values of σW and σbb have been estimated in the same fiducial region of the analysis
selection:
σW = 4361± 79 pb,
σbb = 0.18± 0.09 µb.
The estimate of the cross section for the inclusive production of W bosons, σW , is the
output of a NNLO calculation with FEWZ and has a very small associated uncertainty,
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negligible when compared to the uncertainty associated to the estimate of the other
cross sections in this formula. The inclusive b pair production cross section has a much
bigger associated uncertainty, due to the fact that it has been estimated on a sample of
events generated with MadGraph and it is accurate up to LO precision. Efforts are
ongoing in order to improve the uncertainty associated to the prediction of σbb. The
value of σeff has been measured by CMS [107]:
σeff = 20.7± 6.6 mb,
resulting in a contribution of the DPS to the W + bb cross section of 0.04 ± 0.02 pb.
The DPS corrected theoretical prediction is thus:
σTH(W → lν + bb) = 0.55± 0.03 (theor.) ± 0.02 (DPS) pb.
5.2.3 Experimental measurement
The experimental results to which the above theoretical prediction can be compared
are:
σ(W → eν + bb) = 0.65± 0.07(stat.)± 0.14(syst.) pb.
σ(W → µν + bb) = 0.66± 0.06(stat.)± 0.15(syst.) pb.
respectively in the electron and muon decay channel of the W boson. The quoted
statistic and systematic uncertainties comprise all the effects described in the previous
section. As already mentioned in the previous chapter, these uncertainties do not take
into account the effects related to the particular choice of the PDF and renormalization
scale in the theoretical prediction used to estimate the selection efficiency. These effects
may have a non negligible impact on the results and have been estimated in the previous
measurement ofW +bb cross section performed in CMS on the sample of proton-proton
collisions at 7 TeV and found to contribute for the 10% of the total cross section [66].
5.2.4 Combination of the results
The experimental results for the electron and muon decay channels of the W boson,
coming from fully uncorrelated samples of events, have been statistically combined in
order to reduce the statistical uncertainty on the measured cross section:
σ(W → eν + bb) = 0.66± 0.05(stat.)± 0.15(syst.) pb.
The systematic uncertainty associated to the combined cross section has been estimated
by separately combining each one of the contributions described in the previous section.
The systematic uncertainties are not in principle uncorrelated. These correlations have
been taken into account during the combination of the results. With good approxi-
mation, the systematic uncertainties due to jet energy corrections and resolution, to
the b-tagging scale factors, to the pileup reweighting and to the luminosity measure-
ment have been considered as fully correlated, since they correspond basically to the
measurement of the same quantity performed on top of two statistically independent
samples of events. The uncertainty due to lepton efficiency scale factors instead has
been treated as a fully uncorrelated quantity between the electron and muon species.
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5.3 Interpretation and perspectives
The presented results are in good agreement between the measurements performed in
the electron and muon decay channels of the W boson and, within the uncertainties,
they agree with the cross section theoretical prediction computed with mcfm in the
massless 5-flavour scheme. The uncertainty on the experimental results is driven by
systematic detector effects, the most important being the jet related systematic uncer-
tainties. The measurement of the differential cross sectionsas a function of the most
interesting kinematical observables of the W + bb system will be the natural exten-
sion to the present work. Activities are ongoing in order to measure the differential
cross sections for all the observables of which the detector level distributions have been
presented in the previous chapter: namely, the transverse momentum and the pseudo-
rapidity of the b-jets and of the W boson, along with the angular distributions of the
W + bb system. These results will be unfolded from detector effects in order to obtain
particle level differential cross sections that can be possibly compared with the predic-
tions from the most recent physics generators in the different flavour schemes for the
production of b quarks in the final state. There is a strong interest from the theorists
community, in fact, in testing the level of inderstanding of the kinematical properties
of the W + bb system. As already explained in the first chapter of this thesis, such a
measurement is very important for understanding better the production mechanism of
b quarks and discriminating between the different models developed in order to describe
this process.
Conclusions
The inclusive cross section for the production ofW bosons in association with b-jet pairs
has been measured on the sample of proton-proton collisions at
√
s = 8 TeV recorded
by the CMS experiment during 2012 and corresponding to an integrated luminosity
of 19.8 fb−1. The W boson has been selected through its decay to an electron, or a
muon, and a neutrino. The most challenging aspect of this measurement is the strong
contamination of the selected sample of events from background processes which decay
to final states with an experimental signature similar to the one of the signal process
under study. For this reason, a set of cross-checks have been made to the estimate
of the contribution from QCD events with a data driven technique and to the cross-
check of the tt¯ sample from Monte Carlo simulation in two different control regions in
data; the background samples have been subtracted from the yield of selected events
in data with a fit procedure meant to improve the description of data in simulation.
The inclusive cross section for the production of W bosons and b jet pairs has been
estimated independently in the electron and muon decay channels of the W boson, and
the final results are in good agreement between the two lepton species. The dominant
sources of uncertainties are related to systematic effects due to the jet energy corrections
and to the subtraction of backgrounds. The results and their associated statistical and
systematic uncertainties have been statistically combined and compared to a theoretical
prediction calculated at NLO precision in the 5-flavour scheme, in which the b quark is
approximated to a massless particle. The predicted cross section is in agreement with
the measurement in data within the uncertainties.
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